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Abstract The concentration of indoor ozone depends on a number 
of factors, including the outdoor ozone concentration, air exchange 
rates, indoor emission rates, surface removal rates, and reactions 
between ozone and other chemicals in the air. Outdoor ozone con
centrations often display strong diurnal variations, and this adds a 
dynamic excitation to the transport and chemical mechanisms at 
play. Hence, indoor ozone concentrations can vary significantly 
from hour-to-hour, day-to-day, and season-to-season, as well as 
from room-to-room and structure-to- structure. Under normal con
ditions, the half-life of ozone indoors is between 7 and 10 min and 
is determined primarily by surface removal and air exchange. Al
though reactions between ozone and most other indoor pollutants 
are thermodynamically favorable, in the majority; of cases they are 
quite slow. Rate constants for reactions of ozone with the more 
commonly identified h-1door pollutants are summarized in this ar
ticle. They show that qnly a small fraction of the reactions occur at 
a rate fast enough to compete with air exchange, assuming typical 
indoor ozone concentrations. In the case of organic compounds, 
the "fast" reactions involve compounds with unsaturated carbon
carbon bonds. Although such compounds typically comprise less 
than 10% of indoor pollutants, their reactions with ozone have the 

.Potential to be quite significant as sources of indoor free radicals 
and multifunctional (-C=O, -COOH, -OH) stable compounds 
that are often quite odorous. The stable compounds are present as 
both gas phase and condensed phase species, with the latter con
tributing to the overall concentration of indoor submicron par
ticles. Indeed, ozone/alkene reactions provide a link between out
door ozone, outdoor particles and indoor particles. Indoor ozone 
and the products derived from reactions initiated by indoor ozone 
are potentially damaging to both human health and materials; 
more detailed explication of these impacts is an area of active in
vestigation. 

Key words Ozone; I/0 ratio; Indoor chemistry; Aldehydes; 
Particulates; Free radicals. 

t Practical Implications 

; ·Indoor ozone contributes to total ozone exposures, and reac
'·. tions driven by indoor ozone produce submicron particles . 

that contribute t� total. particulate exposures. Indoor ozone 
: concentrations are highly variable,'but·cari be reasonably: esti-

mated using avaifable knowledge regarding the factors that 
influence th.ese concentrations. Although ozone is a powerful 
oxidizing agent, indoor ozone should not be viewed as a 

. means for eli!Jlinating other indoor chemical .pollutants. 
Ozone reacts too slowly .with most airborne pollutants for the 
process to be of practical significance: Ozone does react at a 
faster rate with a small subset of indoor pollutants, but the 
·oxidation products are themselves potentially irritating to 
humans and damaging to materials. 
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Introduction 
Ozone is derived from the Greek word "osi:tv" or "oz
ein", and was so named on account of its strong smell. 
(Ironically, ozone can react with common substances, 
such as unsaturated fatty acids, to produce compounds 
that are a 1000 times more odorous.) Ozone's odor in 
the vicinity of electrical discharges was described as 
early as 1785, but its chemical formula was not estab
lished until 1872. Since that time, there have been 
many misperceptions regarding ozone, especially in 
the areas of air quality and health. 

Whereas the air that surrounds us contains about 
20% dioxygen, it contains only trace amounts of ozone 
(typically 10 to 100 ppb). However, even in trace 
amounts ozone is potentially deleterious to human 
health (U.S. EPA, 1996). Around the world various 
government organizations that are charged with pro
tecting the health of their citizens have established 
upper limits on the concentration of ozone in the air 
that people breathe. Examples of such standards are 
listed in Table 1. 

Although outdoor ozone is a major concern and 
there have been concerted efforts to reduce its concen-
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Table 1 Recommended Limits for Ozone in the United States and 
Around the World 

Standard Concentration, ppb Duration, h 

US NAAQS• 120 1 

USNAAQSb 80 8 

us OSHAC 100 8 

US FDAd 50 e 
US NIOSHf 100 e 
CARBg 90 1 

WH<Y' 60 8 

Japan 60 1 

• National Ambient Air Quality Standard 
b In the Dec. 13, 1996 Federal Register (Vol. 61, 65763-65778) the 

US EPA proposed this new air quality standard for ozone 
c Occupational Safety and Health Administration, 1989 
d Food and Drug Administration, 1974 
• Not to be exceeded at any time 
f National Institute of Occupational Safety and Health, 1989 
g California Air Resources Board, 1987 
h World Health Organization, 1997 

tration, this has proven difficult. Comparisons ob
tained with diverse data sets show an increase in tro
pospheric ozone levels of between 1 and 2% per year 
over the last 30 years (Seinfeld and Pandis, p. 94, 1998 
and references therein.) Indeed, " ... there have been 
enormous increases in background ozone concen
trations over the past half-century" (Graedel and 
Crutzen, 1993). Projections are that this trend will con
tinue (Lelieveld and Dentener, 2000). 

Ozone is a relatively stable molecule; only at high 
ozone concentr,p.tions and/ or elevated temperatures 
does it decompose to oxygen at a significant rate (Cot
ton and Wilkinson, 1980). At the concentrations that 
are typically encountered in ambient air such spon
taneous decomposition is negligible. Ozone is a very 
strong oxidizing agent. Just a few species, such as flu
orine, the perxenate ion, atomic oxygen and the hy
droxyl radical are more powerful oxidants (Cotton and 
Wilkinson, 1980). However, this fact should not be mis
construed. Although ozone is capable of oxidizing nu
merous gas phase species, a large fraction of these reac
tions occur at a slow rate (see below). 

In indoor settings, ozone was dismissed as an issue 
(e.g., Russell, 1988), but that attitude is changing. In
door exposures to ozone represent a major fraction of 
total ozone exposures (Weschler et al., 1989). The U.S. 
EPA includes indoor ozone in its exposure modeling 
(e.g., pNEM/03), addresses indoor ozone in its "Air 
Quality Criteria Document for Ozone and Related 
Photochemical Oxidants" (U.S. EPA, 1996) and has 

- funded studies measuring indoor ozone emissions_ 
from office equipment (e.g., Leovic et al., 1986). Indoor 
ozone is not only a health concern, but also adversely 
affects materials, pigments, and cultural artifacts (Dav
ies et al., 1984; Cass et al., 1988; Brimblecomb, 1990). 

270 

Furthermore, ozone is a major driver of indoor chemis
try (Wescltler and Shields, 1997a). The products of in
door chemistry, initiated by ozone, can be more irritat
ing, odorous, and/ or damaging to materials than their 
precursors. This paper addresses the factors that influ
ence the concentration of indoor ozone and its reac
tions with other indoor pollutants. 

Sources of Ozone 
Outdoors 
The ozone that is present in outdoor air at ground level 
reflects a combination of photochemical production 
and destruction coupled with injection from the strato
sphere (Logan, 1985; Danielsen, 1968). The photochem
ical production of ozone results from a complex set of 
reactions involving vapor phase organic compounds, 

nitrogen oxides, carbon monoxide and sunlight. In the 
United States, as the population density increases the 
concentrations of vapor phase organic compounds and 
nitrogen oxides also increases (National Research 
Council, 1991). Hence, outdoor ozone levels tend to be 
highest in densely populated areas with abundant sun
shine. Areas that experience frequent meteorological 
inversions have even higher ozone concentrations 
since inversions trap the air below and allow the con
centration of both ozone precursors (i.e., .volatile or
ganic compounds and nitrogen oxides) and ozone it
self to increase. 

Indoors 
Several types of office equipment are known to gener
ate ozone including photocopiers and laser printers. 
Although various photocopying processes produce 
ozone, most manufacturers incorporate some type of 
filtration system (e.g., activated carbon filters) to re
duce the amount of ozone emitted to the surrounding 
air. Leovic et al. (1996) have measured ozone emissions 
from several different dry-process photocopiers. Their 
work demonstrates that ozone emissions can increase 
between periods of routine maintenance. For example, 
ozone emissions from five different photocopiers 
ranged from 16 to 131 µg/ copy before maintenance 
compared with 1 to 4 µg/ copy after maintenance. 
Emission rates during continuous operation were also 
recorded. For representative photocopiers from four 
different vendors, the measured ozone emission rate 
varied from 1.3 to 7.9 mg/h. More recent measure
ments by Black and Worthan (1999) are in good agree
ment; for 5 different dry process photocopiers they 
measured emission rates ranging from 1.2 to 6.3 mg/h 
with an average value of 5.2 mg/h. -rn the same study, 
they

· 
measured emission rates ·for 12 laser printers 
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ranging from <0.02 to 6.5 mg/h with an average value 
of 1.2 mg/h. 

Electrostatic air filters and electrostatic precipitators 
can also generate ozone. The manufacturers of these 
devices attempt to design them in such a way as to 
limit ozone production. However, if excessive arcing 
occurs, these devices can contribute tens of ppb to 
ozone concentrations in indoor settings. 

Numerous commercial ozone generators are adver
tised to remove airborne contaminants and improve in
door environments. Models are available with emis
sion rates ranging from tens to thousands of milligram 
per hour (mg/h). One manufacturer in the United 
States claims to have sold over 2 million ozone gener
ators over the past 12 years (Federal Trade Com
mission, 1998). Beoniger (1995) has examined the use 
of ozone generating devices to improve indoor air 
quality and concludes that " . . .  ozone is not a practical 
and effective means of improving indoor air quality, 
especially in light of its potentially serious risk to 
health". The U.S. EPA (1999) has also assessed the use 
of ozone generators as air purifiers. 

Indoor Ozone Concentrations 
Figure 1 shows indoor and outdoor ozone concen
trations measured for a 6-day period at a telephone 
switching office in Burbank, California, USA. Such 
measurements have been made in numerous types of 
buildings, including residential, commercial and pub
lic structures. In studi�s conducted by Shair and co
workers at selected Caljfornia Institute of Technology 
buildings (Sabersky et al., 1973; Hales et al., 1974; Shair, 
1981), the indoor ozone concentrations were found to 
closely track outdoor concentrations and to be depend
ent on the air exchange rate. More recent examples of 
simultaneous indoor and outdoor ozone measure
ments include multiple locations in a Red Bank, New 
Jersey, USA office complex (Weschler et al., 1989, 1991, 
1992), a telephone office in Burbank, California, USA 
(Weschler et al., 1994a, b), and six New Jersey homes 
(Zhang et al., 1994a). Each of these investigations con
firmed that indoor ozone concentrations varied in a 
predictable fashion with outdoor concentrations and 
the air exchange rate. 

For a given site, at a constant air exchange rate and 
absent varying indoor sources, the indoor ozone con
centration divided by the outdoor ozone concentration 
(I/0 ozone) remains relatively constant (Shair and 
Heitner, 1974; Hale� and Shair, 1974; Weschler_ et al., 
1989, 1991, 1992). Table 2 summarizes I/O ozone ratios 
measured by numerous investigators in a variety of 
buildln.g types. These I/O ratios range from 0.05 in 
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Fig. 1 Outdoor and indoor ozone levels (ppb) at a telephone office 
in Burbank, California, USA. (Weschler et al., 1994b) 

buildings that are tightly sealed or use charcoal fil
tration to 0.85 in buildings that have very high air ex
change rates. Excluding the extremes, the I/O ratio is 
more often in the range of 0.2 to 0.7. The large number 
and range of values presented in Table 2 can be sys
tematized with a relatively simple expression (Weschl
er et al., 1989): 

1 

where 
Ex is the rate at which the indoor air is replaced with 
outdoor air (air exchange rate), in units of h-1; .kd is 
the ozone deposition velocity, in units of m h-1; A is 
the total surface area within the room, in units of m2; 

V is the volume of the room, in units of m3• 

In words, the I/0 ratio for ozone can be approxi
mated by the ratio of the air exchange rate to the sum 
of the air exchange rate and the surface removal rate, 
kd(A/V). Equation 1 derives from the fact that dilution 
and surface removal of ozone are normally m�ch faster 
than the time variation of the outdoor ozone concen
tration and, hence, a quasi-steady state situation may 
be assumed. 

Factors that Influence Indoor Ozone 
Concentrations 
Overview 

The indoor ozone concentration depends on the out
door ozone concentration, the rate at which indoor air 
is exchanged witl:_t outdoor air, indoor sources_ of ozone, 
the rate at which ozone is removed by indoor surfaces, 
and reactions between ozone and other chemicals in 
the air. The relationship _between these sources and 
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Table 2 Indoor/Outdoor (I/0) Ozone Ratios Measured by Various Investigators at Buildings with Negligible Indoor Sources of Ozone 

Building Location l/O 

Hospital So. California 0.67 
Office/lab So. California 0.80 
Office/lab So. California 0.65 

Home So. California 0.70 
Hospital So. California 0.5 
Indoor pool So. California 0.5 
2 Schools So. California 0.3-0.7 
Office/lab So. California 0.5 

Home So. California 0.6 
2 Offices So. California 0.66 
2 Offices So. California 0.54 
Office/lab So. California 0.62 
5 Townhouses Washington 0.5-0.7 
6 Apartments Baltimore 0.5-0.7 
2 Mobile homes Denver 0.5-0.7 
1 School Chicago 0.5-0.7 
1 Hospital Pittsburgh 0.5-0.7 

Homes Medford, OR 0.1-0.3 
10 Homes Boston, MA 0.2 
2 Offices Boston, MA 0.3 
Art gallery So. California 0.5 
2 Museums So. California 0.1 
Art gallery England 0.7 
41 Homes Tucson, AZ 0.3 
12 Homes Houston, TX <0.1 
Museums So. California 0.45 
2 Museums So. California >0.67 
3 Museums So. California 0.3-0.4 
2 Museums So. California 0.1-0.2 
4 Museums So. California <0.1 
Office New Jersey 0.22 
Office New Jersey 0.54 
Cleanroom New Jersey 0.71 
6 Homes El Paso, TX 0.7 
4 Homes Houston, TX 0.1 
Office So. California 0.3 
Office So. California 0.7 
6 Home� New Jersey 0.33 

� 
6 Homes New Jersey 0.62 
6 Homes New Jersey 0.30 
40 Homes Toronto 0.07 
40 Homes Toronto 0.40 
25 Individuals Greater Vancouver 0.18 

Office Munich 0.4-0.9 
Classroom Munich 0.5-0.8 
Gymnasium Munich 0.5-0.9 

Home Munich 0.5-1.0 
126 Homes So. California 0.37 
145 Homes Mexico City 0.20 
3 Schools Mexico City 0.3-0.4 
Physics bldg T hessaloniki 0.5-0.8 
Laboratory Athens 0.2-0.6 
40 Homes Montpellier, France 0.38 
70Homes Montpellier, France 0.50 
70 Workplaces Montpellier, France 0.45 

sinks, for a single compartment without filtration, is 
expressed in Equation 2: 

d[03-indoorsl/ dt = Ex [03-outdeorsl + s(t) - (Z) _ 
[03-indoorsH�(A/V) + Ex+ �i ki [chemi]} 

where 
[03-indoorsI is the indoor ozone concentration, 

272 

Notes 

Thompson, 1971 
Sabersky et al., 1973 
Ibid. 
Ibid., natural ventilation 
T hompson et al., 1973 
!bide 
Ibid. 
Ibid. 
Ibid., evaporative cooing 
Shair and Heitner, 1974; maximum ventilation 
Ibid., minimum ventilation 

Hales et al., 1974 
Moschandreas et al., 1978 
Ibid. 
Ibid. 
Ibid. 
Ibid. 
Berk et al., 1981; weatherized homes 
Moschandreas et al., 1981 
Ibid. 
Shaver et al., 1983 
Ibid; activated carbon air filtration 
Davies et al., 1984 
Lebowitz et al., 1984 
Stock et al., 1985; conventional air conditioning 
Nazaroff and Cass, 1986 
Cass et al., 1988; high ventilation 
Ibid; conventional air conditioning 
Ibid; tight building 
Ibid; activated carbon air filtration 
Weschler et al., 1989; 0.6 ach 
Ibid; 4.0 ach 
Ibid; 8.2 ach 
Stock and Venso, 1993; evaporative air cooling 
Ibid; conventional air conditioning 
Weschler et al., 1994; 0.3 ach 
Ibid; 1.9 ach 
Zhang and Lloy, 1994a, Air-Conditioning (AC), 
windows closed 
Ibid.; windows open, no AC 
Ibid.; windows closed, no AC 
Liu et al., 1995, winter 
Ibid.; summer 
Brauer and Brook, 1997; personal to outdoor, 
9% of persn. time outdoors 
Jacobi and Fabian, 1997, natural vent 
Ibid.; natural ventifation 
Ibid.; natural ventilation 
Ibid.; natural ventilation 
Avol et al., 1998 
Romieu et al., 1998 
Ibid. 
Drakou et al., 1998; natural vent. 
Ibid.; mechanically ventilated 
Bernard et al., 1999; winter 
Ibid.; summer 
Ibid.; summer 

in units of ppb; [03_0utdoorsl is the outdoor ozone con
centration, 

in units of ppb; s(t) is the time-varying rate at which 
ozone is being generated within the room, in units of 
ppb h-1; [chemd is the concentration of the ith (1st, 2nd, 
3rd, etc.) chemical in the room air that reacts with 



ozone, in units of ppb; and ki is the second order rate 
constant for the reaction between ozone and the ith 
chemical in the room air, in units of ppb-1 h-1. 

The specific sources and sinks that influence indoor 
ozone concentrations are discussed in the following 
paragraphs. (Detailed presentation of models that can 
be used to estimate indoor ozone levels can be found 
in papers by Shair and Heitner, 1974 and Hayes, 1991.) 

Outdoor Ozone Concentrations 

Figure 2 shows outdoor ozone concentrations meas
ured during 1996 at a relatively clean location, Death 
Valley National Monument, and a relatively polluted 
location, Burbank, California, USA (California En
vironmental Protection Agency, 1997) . At the clean 
location, during winter months, ozone levels tend to 
be in the range of 30 to 40 ppb, while in summer 
months the levels are more commonly in the range of 
40 to 60 ppb. In contrast to the Death Valley data, the 
ozone concentrations at Burbank have much larger 
maxima (mid-afternoon) and much smaller minima 
(early morning). During the winter months ozone max
ima are close to 40 ppb, while in the summer months 
ozone maxima approach 140 ppb. Since a large fraction 
of outdoor ozone is derived from photochemical pro
cesses, it follows that outdoor ozone concentrations 
vary with the solar flux. Hence, daytime ozone concen
trations tend to be much larger than nighttime levels, 
and daily ozone levels tend be much higher in the 
summer months than .in the winter months. Further
more, the difference between summer and winter 
ozone levels tend to increase as a location's latitude 
increases. In urban areas located in the northern i'egion 
of the United States, the summer ozone levels are often 
five to ten times larger than the winter levels (US EPA, 
1998). 

The pronounced diurnal variation in Burbank ozone 
levels (see Figures 1 and 2) is characteristic of urban 
areas and is due not only to the diurnal variation in 
solar flux, but also to high emissions of nitric oxide 
(NO) from motor vehicles (Brace and Peterson, 1998). 
Ozone and nitric oxide react at a very fast rate (more 
details will follow). During daylight hours local ozone 
production is greater than nitric oxide emission rates, 
with the net result that ozone accumulates in the urban 
air. During hours of darkness, local ozone production 
is quite small and there is more than enough nitric ox
ide to react with _!he ozone that is present; th� net result 
is that nitric oxide accumulates and the ozone levels 
are very low. (Note, however, that outdoor ozone _ 

levels are not always low_ at night. Ozone that is pro-

Ozone in Indoor Environments 

duced during the day can pass over an area downwind 
of its original source during the night (Wolff et al.; 
1977). Suburban and rural areas downwind of an ur
ban area with severe photochemical smog might ex
perience their peak ozone levels in the middle of the 
night if the transport time is on the order of half a day.) 
Elevated ozone levels are quite common in cities and 
regions downwind of cities in a large fraction of the 
United States. More than half of the US population cur
rently lives in areas that exceed the federal ozone stan
dard (US EPA, 1998). 

Rate at Which Indoor Air is Exchanged with 

Outdoor Air 

The air exchange rate has a large influence on the I/0 
ratio for ozone (see Table 2) . In the absence of indoor 
sources, as the air exchange rate increases, the indoor 
ozone level becomes a larger fraction of the outdoor 
level. When indoor sources of ozone are present the 
effect of air exchange on indoor ozone levels depends 
on the relative magnitude of the indoor source(s) com
pared with the outdoor ozone level. Regardless, the 
underlying fact is that the indoor ozone concentration 
varies with the air exchange rate. 

Persily (1989) has made more than 3000 air exchange 
measurements in 14 mechanically ventilated office 
buildings over a 1-year period. He found that the air 
exchange rate was most frequently in the range of 0.5 
to 1 .2 air changes/h (ach or h-1). Ideally, the venti
lation rate increases with the occupant density (ASH
RAE, 1989). Hence one would expect larger ventilation 
rates in conference rooms or auditoriums (on the order 
of 4 to 6 ach if ASHRAE guidelines are followed) than 
in less densely occupied offices. Residential air ex
change rates vary from a seasonal average of� 0.2 ach 
for tightly constructed housing to as high as 2 ach for 
loosely constructed housing (ASHRAE, 1997). Based 
on a statistical analysis of data from 2,844 households, 
Murray and Burmaster (1995) report a mean air ex
change rate of 0.76 ach. Their analysis illustrates the 
influence of the season on air exchange. During the 
winter the 25th percentile value was 0.29 ach and the 
75th percentile value was 0.67 ach; during the summer 
the 25th percentile value was 0.53 ach and the 75th per
centile value was 1 .92 ach. Hence, residential air ex
change rates tend to be highest during the season 
when ozone levels are highest. In residences, venti
lation rates tend to be smaller when air conditioning is 
present and Qperating, and larger in the absence of air 
conditioning. As one would expect, ventilation rates 
are also larger when win<l:_ows are open (often >5 ach) 
than when they are closed (Alevantis and GirI?an, 
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Fig. 2 Ozone levels (ppm) measured at Death Valley National Monument and Burbank, California, USA during 1996 (California 
Environmental Protection Agency, 1997) 

1989). It follows that, in the absence of indoor sources, 
ozone levels tend to be larger in homes without air 
conditioning than in homes with, and larger when 
windows are open than when they are closed. These 
generalizations are consistent with measurements of 
indoor ozone levels in 126 Southern California homes 
(Aval et aL, 1998); the investigators found that " . . .  in
door ozone levels were largely determined by outdoor 
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ozone levels and the duration of time that windows 
were kept open." 

Removal by Indoor Surfaces 

The product of the-deposition velocity and the_surface
to-volume ratio defines the first-order rate constant 
that applies to the removal of ozone by indoor sur
-faces, kd(A/V). This sink term for ozone can be directly 
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Table 3 Rate Constants (h-1) for the Removal of Ozone by Surfaces in Different Indoor Environments 

Indoor environment Surface removal rate, 
kd(A/V), h-1 

Reference 

Aluminum Room (11.9 m3) 
Stainless Steel Room (14.9 m3) 
Bedroom (40.8 m3) 
Office (55.2 m3) 
Home (no forced air) 
Home (forced air) 
Department Store 
Office (24.1 m3) 
Office (20.7 m3) 
Office/Lab 
Office/Lab 
Office/Lab 
13 Buildings, 24 Ventilation Systems 
Museum 
Museum 
Office/Lab 
Office/Lab 
Office 
Lab 
Cleanroom 

3.2 
1.4 
7.2 
4.0 
2.9 
5.4 
4.3 
4.0 
4.3 
4.3 
3.2 
3.6 
3.6 
4.3 
4.3 
4.0 
3.2 
2.5 
2.5 
7.6 

Mueller et al., 1973 
Ibid. 
Ibid. 
Ibid. 

Sabersky et al., 1973 
Ibid. 

Thompson et al., 1973 
Allen et al., 1978 

Ibid. 
Shair and Heitner, 1974 

Ibid. 
Ibid. 

Shair, 1981; assumes A/V = 2.8 m-1 
Nazaroff and Cass, 1986 

Ibid. 
Weschler et al., 1989 

Ibid. 
Ibid. 
Ibid. 
Ibid. 

Telephone Office 
43 Homes 

0.8-1.0 
2.8±1.3 

Weschler et al., 1994; large office, small A/V 
Lee et al., 1999 

compared with the air exchange rate. In other words, 
if the surface removal rate constant is 3.5 h-1, the sur
faces are removing ozone at a rate equivalent to an 
air exchange rate of 3.5 h-1. Numerous studies have 
measured "kd(A/V)". Results from a number of these 
studies are summarized in Table 3. The values range 
from 1 .4 h-1 in a stainless steel chamber to 7.6 h-1 in 
a highly ventilated device fabrication cleanroom. Lee 
et al. (1999) have measured ozone removal rates in 43 
Southern California homes - the most extensive set of 
measurements in the literature. They report a mean 
surface removal rate constant of 2.80±1 .30 h-1. Earlier 
measurements in homes and offices are in good -agree
ment with the values reported by Lee and coworkers 
(see Table 3). 

The surface-to-volume ratio, A/V, varies with the in
door dimensions, surface coverings and furnishings. 
All else being equal, smaller rooms have larger surface
to-volume ratios than larger ones, and ozone removal 
by indoor surfaces is faster in smaller rooms than in 
larger ones. Furthermore, fleecy surfaces have more 
surface area than smooth surfaces. Rooms with fleecy 
surfaces such as carpeting, drapes and upholstered fur
niture tend to have larger surface removal rates for 
ozone than rooms without such appointments (Mueller 
et al., 1973; Sabersky et al., 1973). Hence the bedroom 
in Table 3 has a larger surface removal rate constant 
than offices with simil}lr dimensions. 

The deposition velocity, kd, for ozone varies with the 
nature _of the indoor surface. Sa�ersky et al. (1973) 
fou�d that the rate at which oz�ne deposits to different 

common surfaces varied by about a factor of 30. The 
deposition velocity also varies with indoor airflow con
ditions. A detailed discussion of ozone deposition 
velocities is contained in a paper by Nazaroff et al. 
(1993). Using estimates of the surface-to-volume ratio, 
the authors calculate ozone deposition velocities, based 
on studies reported in the literature, that range from 
0.015 cm/ s in a stainless steel room to 0.075 cm/ s in a 
highly ventilated cleanroom. In typical homes and of
fices they calculate deposition velocities between 0.025 
and 0.062 cm/s. Lee et al. (1999) report an average de
position velocity of 0.049±0.017 cm/s in 43 Southern 
California homes. Morrison (1999) has developed a 
general model of reactive gas deposition to indoor sur
faces. This model predicts that the area averaged depo
sition velocity in a typical room would range from 0.02 
to 0.06 cm/ s. The good agreement among these studies 
facilitates estimating ozone removal rates when it is 
not practical to make measurements. 

Reactions with Other Indoor Chemicals 

A subset of chemicals can react with ozone fast enough 
to influence its indoor concentration. This will be dis
cussed in detail in the section entitled Reactions Between 
Ozone And Various Chemicals Found In Indoor Settings. 
The point that is key to the present discussion is that 
the kind and concentration of indoor chemicals varies 
from setting to setting. Even within a given setting, the 
chemicals present vary with time of day, day of week 
and_ season reflecting varying so_urces and varying ven
tilation rates. 
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Table 4 Volatile organic compounds conunonly found indoors: typical indoor concentrations and rate constants for their reaction with 
ozone. N. B.: units of concentration are "µg/m3" rather than "ppb", reflecting units used by Brown et al. (1994) in their review of the 
literature 

Common indoor organic Brown et al., 1994; 
weighted average" 

Daisey et al., 1994; 
geo. meanb 

Shields et al., 1996; 
medianc 

Girman et al., 1999; 
range, mediand 

Rate constante 

µg m-3 

Ethanol 50-100 
Acetone 20-50 
2-Propanol 
Toluene 20-50 
1,1,1-Trichloroethane 20-50 
m- & p-Xylene 10-20 
Dichloromethane 10-20 
Decamethylcyclopentasiloxane 
p-Dichlorobenzene 5-10 
Ethyl acetate 5-10 
n-Decane 5-10 
Branched ClO 
n-Undecane 1-5 
n-Dodecane 1-5 
n-Pentadecane 1-5 
n-Hexadecane <1 
n-Tetradecane 1-5 
1,2,4-Trimethylbenzene 5-10 
Octamethylcyclotetrasiloxane 
Ethylbenzene 5-10 
Nonanal 5-10 
2-Butanone 1-5 
Benzene 5-10 
Tetrachloroethylene 5-10 
o-Xylene 5-10 
n-Hexane 1-5 
Camphene 10-20 
1,2-Dichloroethylene 10-20 
Isoprene 
d-Limonene 20-50 
a-Pinene 1-5 
Styrene 1-5 

36 
10.2 

5.6 
9.8 

24.3 
9.1 
1.4 

1.1 
2.9 

7 
10.4 

3.9 

2.2 

3.2 
2.7 
3 
1.8 

6.7 

1.7 

6 

5 

40 
0.2 

6 
5 
9 
7 

13 
11 
11 

5 
10 

2 

4 
2 

6 
0.2 
1.5 

µg m-3 

7.1-220, 29 

1.6-360, 9 
0.6-450, 3.6 
0.8-96, 5.2 
0.5-360 

0.3-85 
0.2�5 
0.3-50 

0.6-58, 3.7 
0.5-72, 3.5 

0.3-25 

0.3-30 
1.2-7.9, 3.1 
0.7-18 
0.6-17, 3.7 
0.3-50 
0.3-38 
0.6-21, 2.9 

0.3-140, 7.1 
0.3-8.4 
0.2�.7 

2.46x10-10 
2.46x10-1 0 
2.46x10-10 
3.69x10-12 
2.46x10-11 
l.48x10-11 
2.46x10-11 
2.46Xl0-13 
l.72x10-12 
2.46x10-10 . 
2.46x10-13 
2.46x10-13 
2.46x10-13 
2.46x10-13 
2.46x10-13 
2.46x10-13 
2.46x10-13 
3.20x10-11 
2.46x10-13 
3.69x10-12 
2.46x10-10 
2.46x10-10 
i.nx10-12 
2.46x10-11 
2.46x10-10 
2.46x10-13 
2.21x10-s 
6.05x10-9 
2.95x10-7 
5.14x10-6 
2.14x10-6 
5.31x10-7 

a Based on a summary of fifty studies conducted in over 1200 buildings between 1978 and 1990. For a given VOC, the indoor geometric 
mean concentrations from multiple studies is summarized as a "weighted average"; of geometric means (WAGM); see the cited 
article for details · 

b Geometric means of the most frequently identified VOCs in 12 California office buildings, selected without regard to worker com
plaints. Included are naturally and mechanically ventilated buildings 

c Based on a study that measured VOCs in 70 U.S. telephone buildings. Listed are the 19 most abundant VOCs identified in the 
administrative facilities (11 of the 70 buildings) and theil' median concentrations 

d Range of indoor concentrations for 21 of the most abundant VOCs identified in the US Environmental Protection Agency BASE 
(Building Assessment Survey Evaluation) study. For 10 compounds, median concentrations are also reported. T he cited database 
contains measurements from 56 buildings 

e Rate constants are from the NIST Chemical Kinetics Database (Mallard et al., 1998); Atkinson et al. (1992); and Seinfeld and Pandis 
(1998) 

Additional Factors 

Outdoor ozone levels depend on temperature in a non
linear fashion. There is little correlation for tempera
tures below 70°F, but a strong correlation for tempera
tures above 90°F (National Re,search Council, 1991). 
Hence, outdoor temperatures indirectly influence in
door ozone concentrations. Temperature also influ
ences indoor ozone levels in at least two other ways. 
As the difference between indoor and outdoor tern-- -
peratures increases, the air exchange rate in naturally 
ventilated buildings increases. This, in tum, ?1creases 
the outdoor-to-indoor transport of ozone, but dilutes 
the concentration of ozone generated by indoor 
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sources. To a lesser extent, temperature affects the de
position velocity of ozone. At higher temperatures, the 
cf.eposition velocity of ozone is slightly larger. 

Relative humidity also influences indoor ozone 
levels. The higher the relative humidity, the larger the 
deposition velocities of ozone to different surfaces and 
the larger the surface removal rate. The magnitude of 
this effect varies with the nature of the surface. The 
mpre hydrophilic (water lovil}g) the surface, the larger 
the effect. However, compared with factors discussed 
in the preceding paragraphs, the influe�ces of tem
perature and relative humidity (RH) are relatively 
small. 
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Ozone in Indoor Environments 

Table 5 Half-lives for the reaction of ozone with volatile organic compounds commonly found in indoor air 

Common indoor organics 50 ppb 03 
half-life 

hours 

Ethanol 15700 
Acetone 15700 
2-Propanol 15700 
Toluene 1040000 
1,1,1-Trichloroethane 157000 
m-p-Xylene 260840 
Dichloromethane 156504 
Decamethylcyclopentasiloxane 15700000 
p-Dichlorobenzene 2240000 
Ethyl acetate 15700 
n-Decane 15700000 
Branched ClO 15700000 
n-Undecane 15700000 
n-Dodecane 15700000 
n-Pentadecane 15700000 
n-Hexadecane 15700000 
n-Tetradecane 15700000 
1,2,4-Trimethylbenzene 120000 
Octamethy lcyclotetrasiloxane 15700000 
Ethylbenzene 1040000 
Nonanal 15700 
2-Butanone 15700 
Benzene 2230000 
Tetrachloroethylene 157000 
o-Xylene 15700 
n-Hexane 15700000 
1,2-Dichloroethylene 636 
Camphene 174 
Isoprene 13 
d-Limonene 0.75 
a-Pinene 1.80 
Styrene 7.25 

The sum of the sinks for indoor ozone (i.e., the air 
exchange rate, the surface removal rate and the rate of 
reaction with other airborne pollutants) determines the 
1st order rate constant for ozone decay in a giv-en in
door setting. Absent chemicals that can react with 
ozone fast enough to influence its indoor concen
tration, this rate constant lies between 1 and 10 h-1, 
with values in the range of 4 to 6 h-1 most common 
(see Table 3 and the subsection entitled Rate at Which 
Indoor Air is Exchanged With Outdoor Air). The latter 
values translate to half-lives between 10 and 7 min. 

Variability of Indoor Ozone Levels 

Indoor ozone concentrations can vary from hour-to
hour, day-to-day, and season-to-season, as well as from 
room-to-room and structure-to-structure (Weschler and 
Hodgson, 1992a). It is not unusual for indoor ozone 
levels to change 30 or 40 ppb in less than 1 h (see, for 
example, Figu�e 1) . Given that indoor o_zone levels 
vary with multiple factors including time-of-day, 
weather conditions, ventilation parameters, geographic _ 
location and season, it is not reasonable to speak o! a 

50 ppb 03 100 ppb 03 100 ppb 03 
half-life half-life half-life 

days hours days 

650 7850 325 
650 7850 325 
650 7850 325 

43500 522000 21700 
6500 78300 3250 

10868 130420 5434 
6521 78252 3261 

652000 7820000 326000 
93000 1120000 46500 

650 7850 325 
652000 7820000 326000 
652000 7820000 326000 
652000 7820000 326000 
652000 7820000 326000 
652000 7820000 326000 
652000 7820000 326000 
652000 7820000 326000 

5020 60200 2510 
652000 7820000 326000 

44000 520000 22000 
650 7850 325 
650 7850 325 

93000 1120000 46500 
6500 78300 3250 

650 7850 325 
652000 7820000 326000 

27 318 13 
7.2 87 3.6 
0.54 6.5 0.27 
0.03 0.37 0.02 
0.08 0.90 0.04 
0.30 3.62 0.15 

single indoor ozone concentration that is representa
tive of most indoor environments. 

Reactions between Ozone and Indoor 
Pollutants 
Factors That Influence Chemical Reactions In 

Indoor Environments 

The claim is sometimes made that ozone can remove 
other pollutants from indoor air. This statement is mis
leading. To properly evaluate chemical reactions be
tween ozone and other pollutants in indoor settings, it 
is necessary to understand the factors that influence 
indoor air chemistry. These include thermodynamics, 
kinetics, reactant concentrations and air exchange 
rates. 

Chemical thermodynamics addresses the overall en
ergetics of a reaction - the driving potential. In con
trast, chemical kinetics" ... deals with the rate of change 
from initial to final states under non-equilibrium con
ditions" (Hawley, 1971)._ Although reactions between 
ozone and most Other compounds are therqwdy-
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namically favorable, in the majority of cases they are 
quite slow at ambient temperatures and ozone concen
trations (for specifics, see below) . 

The concentrations of the reactants influence the rate 
at which a chemical transformation occurs. Most in
door reactions are bimolecular processes, and their 
rates scale linearly with the concentration of each of 
the reacting species. 

For a homogeneous chemical reaction to influence 
an indoor setting, it must occur at a rate that is compar
able to, or faster, than the air exchange rate (Weschler 
and Shields, 2000). The air exchange rate, coupled with 
the air change effectiveness (mixing factor), determines 
the time available for gas-phase indoor pollutants to 
interact. The air exchange rate also influences the con
centration of the reactants (and, hence, the rate at 
which the reaction occurs - see above) . If a reactant 
has primarily indoor sources, greater air exchange with 
outdoors reduces its indoor concentration. If a reactant 
has primarily outdoor sources, greater air exchange in
creases its indoor concentration. 

Volatile Organic Compounds 

Volatile organic compounds (VOCs) are so designated 
because of their boiling points. The lower boiling point 
range for voes is loosely 50-100 °C, while the upper 
boiling point range is 240-260°C (European Com
mission, 1997) . Numerous investigators have measured 
volatile organic compounds in indoor settings. Table 4 
presents a compi�ation of the most frequently iden
tified voes as reported in four papers that have re
cently appeared 'in the peer reviewed literature. 
Among the VOCs that are listed in Table 4, there are 
certain compounds that are identified in one of the 
cited studies but not another. This reflects, i'n part, the 
different analytical methods that were used in the vari
ous studies. Taken together, columns 2 through 5 in 
Table 4 provide a reasonable summary of the more 
commonly identified indoor voes. 

Reactions between ozone and each of the com
pounds listed in Table 4 are thermodynamically favor
able (i.e., the energetics for these reactions are such 
that, given sufficient time, they will occur) . However, 
the amount of time required for these reactions to oc
cur varies from compound to compound. The presence 
of ozone will only significantly alter the concentration 
of those particular compounds that react with ozone 
on a time scale comparable to or faster than the air 
exchange rate. Rate constants for the reaction between 
ozone- and a large number of compounds have been 
reported in peer reviewed literature and have been 
summarized in review articles and textbooks (e.g., 
NIST Standard.Reference Database # 17, M'!-llard et al., 
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1998; Seinfeld and Pandis, 1998). The final column in 
Table 4 lists rate constants. for the reaction of ozone 
with each of the listed VOCs. The overall intent of the 
tabulation is to evaluate the potential for ozone to alter 
the concentration of commonly encountered indoor 
voes. 

When ozone is present at a concentration significant
ly larger than that of a given voe, the half-life of that 
voe is independent of its own concentration and de
pends only on the ozone concentration. Given the rate 
constants listed in Table 4 it is a simple matter to calcu
late the half-life for the tabulated voes at different 
ozone concentrations. Table 5 presents such half-lives 
at indoor ozone concentrations of 50 and 100 ppb. To 
facilitate comparisons, the half-lives are tabulated in 
units of both hours and days. 

We can also apply the concept of half-lives to air 
exchange rates. The time required for half of the indoor 
air to be replaced with ventilation air is referred to as 
the half-life for a parcel of indoor air. At typical air 
exchange rates, the half-life for a parcel of indoor air is 
in the range of 15 min to 3 h. If the half-life for a parcel 
of indoor air is significantly less than the half-life for 
a given chemical reaction, that reaction will not have 
sufficient time to impact the indoor environment in 
question. It is apparent from Table 5 that the reactions 
between ozone and most commonly occurring indoor 
organic compounds are too slow to compete with typi
cal air exchange rates. Indeed, the first twenty�seven 
compounds listed in Table 5 react with ozone so slowly 
that it would take more than a year for 50 ppb of ozone 
to reduce the concentration of any of these compounds 
by half. To state it even more directly, an indoor ozone 
concentration of 50 or even 100 ppb will have a negli
gible effect on the concentrations of most of the voes 
commonly found in indoor air. 

There is a subset of voes that do react with ozone 
fast enough to compete with air exchange rates. These 
compounds have been grouped together at the very 
bottom of Tables 4 and 5, beginning with 1,2-dichloroe
thylene and including camphene, isoprene, d-limon
ene, a-pinene and styrene. The feature that these com
pounds have in common is that they contain one or 
more unsaturated carbon-carbon bonds. Ozone reacts 
with the compounds at these points of unsaturation. 
The reaction proceeds through an ozonide that rapidly 
decomposes into one of two possible combinations of 
a carbonyl and a biradical: 

1. 03 + R1R2C=CR3Ra -7 ozonide 
2.a. ozonide -7 R1C(O)R2 + [R3R4C · 00 · ]* or 
2b. ozonide -7 [R1R2C · 00 · ]* + R3C(O)Ra 

This is shown schematically as: 
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The energy rich biradical ([R3R4C · 00 · ]* or 
[R1R2C · 00 · ]*) then rearranges or reacts via several 
mechanisms (see Atkinson et al., 1995 for details). In
termediate products include highly reactive species 
such as the hydroxyl, hydroperoxy, and alkylperoxy 
radicals. Stable products include aldehydes, ketones 
and organic acids. When ozone reacts with a non-cyclic 
unsaturated organic compound, the concentration 
(molar ratio) of the sum of the products is at least twice 
the initial concentration of the precursor. 

A series of recent studies has shown that the reaction 
between ozone and unsaturated hydrocarbons can lead 
to hydroxyl radical concentrations in indoor air that 
are within an order of magnitude of those in outdoor 
air at midday and higher than the concentration of the 
hydroxyl radical outdoors at night (Weschler and 
Shields, 1996b, 1997b). Subsequent reactions between 
the hydroxyl radical and other indoor pollutants gen
erate still other radicals, as well as stable oxidized com
pounds containing one or more -C=O (carbonyl), 
-eOOH (carboxylate), and/or -OH (hydroxyl) func
tional groups. 

A major product derived from reactions between 
ozone and most (those with terminal double bonds) of 
the unsaturated hydrocarbons found indoors is form
aldehyde. Other products include methacrolein and 
methyl vinyl ketone (from isoprene), 4-acetyl-1-
methylcyclohexene (from limonene) and benzaldehyde 
(from styrene) (Finlayson-Pitts and Pitts, 1986, 2000). 
Recent detailed studies have identified pinonaldehyde, 
norpinonaldehyde, pin�nic acid, norpinonic acid, Einic 
acid and e10 hydroxy dicarbonyls as products of the 
ozone/a-pinene reaction (Yu et al., 1998) and limonic 
acid, limononic acid, 7-hydroxylimononic acid and 7-

Ozone in Indoor Environments 

hydroxy-keto-limononic acid as products of the 
ozone/ d-limonene reaction (Glasius et al., 2000). Many 
of these products are more irritating than their precur
sors. Karlberg et al. (1992) have noted that some of the 
oxidation products of d-limonene have greater skin al
lergenicity than limonene itself. Recent studies by Wol
koff and co-workers (1999, 2000) have demonstrated 
that the products of selected ozone/terpene (isoprene) 
reactions are significantly more irritating to mice than 
either ozone or terpenes (isoprene) alone. 

Several studies conducted over the past decade pro
vide results that support the above discussion of reac
tions between ozone and commonly occurring indoor 
VOes. In a 1992 paper, Weschler, Hodgson and Wooley 
examined the effect that ozone had on voes emitted 
by new carpets that were typical of those used in resi
dences, schools and offices. The different carpets emit
ted different groupings of saturated and unsaturated 
voes. Hence, the specific compounds that reacted 
with ozone and the compounds produced from these 
reactions varied from carpet to carpet. However, the 
general observations were the same - ozone did not 
affect the concentrations of the saturated voes (with 
the exception of BHT); ozone did decrease the concen
trations of the unsaturated voes (including styrene, 4-
vinylcyclohexene, and 4-phenylcyclohexene); however, 
this decrease was accompanied by an increase in the 
concentration of aldehydes (including formaldehyde, 
acetaldehyde, benzaldehyde and a series of CS- to ClO
aldehydes). 

Zhang et al. (1994b) measured indoor and outdoor 
aldehyde and ozone concentrations at 6 residential 
homes located in suburban New Jersey. They con
cluded ". . .  indoor ozone chemistry was believed to 
play a role in generating several of the measured alde
hydes." For the period studied, the indoor exposure of 
the residents to formaldehyde and total aldehydes was 
much greater than their outdoor exposure. 

· 

Shaughnessy, Weschler and McDaniels (1999) have 
examined the effect of ozone on the concentrations of 
VOCs found in environmental tobacco smoke (ETS). 
Their measurements focused on 18 VOCs, chosen be
cause they represented different types of voes and be
cause they were among the most abundant organic 
constituents of ETS. At moderate ozone concentrations 
(80-115 ppb), ozone had little effect on the monitored 
VOes. At high ozone concentrations (1000-1400 ppb), 
ozone reduced the concentration of those compounds 
with unsaturated carbon-carbon bonds. However, 
based on a compari§on of mass concentrations,Jhis re
duction was more than matched by an increase in the 
conc_entration of a series of alde�ydes, including form
aldehyde, acetaldehyde and benzaldehyde. At the 
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lower ozone concentrations, even a very modest venti
lation rate (on the order of 0.1 ach) would have pro
duced a greater reduction in the voes than that pro
duced by ozone. 

It has been previously stated that reactions between 
ozone and unsaturated hydrocarbons produce both 
highly reactive free radicals and stable compounds. 
The stable compounds can be further divided into gas 
phase and condensed phase species. For example, 
Grosjean et al. (1992, 1993) have estimated that 22% of 
the products produced in the ozone/ d-limonene reac
tion occur as aerosols. In a recent study Weschler and 
Shields (1999) have shown that reactions between 
ozone and terpenes can be a significant source of in
door sub-micron particles. In a set of experiments con
ducted in adjacent identical offices, ozone and a ter
pene (either d-limonene, a-terpinene or a commercial 
terpene based cleaner containing a-pinene) were delib
erately introduced into one office while the other office 
served as a control. For each terpene examined, par
ticle concentrations were significantly larger in the of
fice with the added ozone (200-300 ppb) than in the 
control office without the added ozone. This difference 
was greatest for particles in the 0.1-0.2 micron diam
eter size range; over time, differences developed in the 
larger size ranges. The particle production was also 
greatest when the terpene was d-limonene, although 
significant particle production was noted for each of 
the selected terpenes .  In the case of d-limonene, the 

Table 6 VVOCs and inorganic gases commonly found indoors: 
typical indoor concentrations and rate constants for their reaction 
with ozone 

VVOCs and inorganic gases Median indoor 
concentration a 

Formaldehyde 
Acetaldehyde 
Methane 
Ethane 
Propane 
n-Butane 
Ethene 
Propene 
Isobutene 

Nitric Oxide (NO) 
Nitrogen Dioxide (N02) 
Ammonia (NH3) 
Sulfur Dioxide (S02) 
Hydrogen Sulfide (H2S) 
Dimethylsulfide (CH3SCH3) 
Carbon Monoxide (CO) 

ppb 

30 
5 

2000 
2.5 
1.5 
4 
1.5 
0.5 
0.5 

0-100 
30 
10 

1 
1 
1 

1000 

Rate 
constantb 

5.17 X10-14 
1.48X l0-10 
2.95x10-11 
2.46x 10-13 
2.46x10-13 
2.46 x10-13 
3.91x10-s 
2.48X l0-7 
2.83X10-7 
4.43 x10-4 
7.87X10-7 

<2x10-10 
2.46x10-12 
9.91 x 10-6 
1.97x10-s 
9.84x10-15 

a Taken from Table 2 in Weschler and Shields, 1996; see footnotes 
in cited table for original sources 

b Rate constants are from the NIST Chemical Kinetics Database 
(Mallard et al., 1998); Atkinson et al. (1992); and Seinfeld and 
Pandis (1998) 
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number concentration of particles in the 0.1-0.2 micron 
size range was as much as 20 times larger in the office 
with the added ozone as in the control office (6X 103 
vs. 3 X l02 particle/cm3) .  In another set of experiments, 
d-limonene was deliberately introduced into one of the 
offices, but ozone was not artificially added to either 
office. Instead, the indoor ozone concentrations were 
those that happened to be present as a consequence of 
outdoor-to-indoor transport - typically between 2 and 
40 ppb. In the office that contained supplemental d-· 
limonene, the concentrations of the 0.1-0.2 µm particles 
tracked those of indoor ozone (the limiting reagent) 
and were as much as 10 times greater than levels meas
ured in the comparable office that did not contain sup
plemental d-limonene. At an indoor ozone concen
tration of 23 to 28 ppb, the mass concentration differ
ence (sub-micron particles) between the two offices 
was approximately 20 µg/m3. A subsequent study by 
Wainman et al. (2000) reaffirms the significant increase 
in submicron particles that can result from ozone/ter
pene reactions under typical indoor conditions. To
gether these studies further illustrate the potential for 
reactions among commonly occurring indoor pol
lutants to markedly influence indoor environments. 
They also demonstrate a coupling between outdoor 
ozone and indoor submicron particies. Since outdoor 
submicron particles correlate with outdoor ozone 
levels, indoor particles generated from ozone/terpene 
reactions can vary coincidentally with outdoor fine 
particles. This bears on the epidemiological studies 
demonstrating an association between incremental 
changes in outdoor particle concentrations and in
creases in the rates of morbidity and mortality. 

To summarize, at concentrations below 50 ppb 
ozone does not react with the majority of indoor voes 
(those with saturated carbon-carbon bonds) fast 
enough to compete with typical ventilation rates. In 
the case of those voes that do react with ozone fast 
enough to compete with ventilation (a subset of voes 
with unsaturated carbon-carbon bonds), reaction with 
ozone produces still other contaminants. In some cases 
the products may be more irritatmg than their precur
sors (Karlberg et al., 1992; Wolkoff et al., 1999, 2000). 

Very Volatile Organic Compounds and Inorganic 

Gases 

The compounds listed in Table 4 are classified as vol
atile organic compounds. There are other compounds 
present in indoor air that are even more volatile than 

- these species and are referred to as very volatile organiC"" 
compounds (VVOCs). The category of VVOes includes 
compounds- such as formaldehyde, acetaldehyde and 
propane. Indoor air also contains inorganic gases such 
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Table 7 Half-lives for the reaction of ozone with VVOCs and inorganic gases commonly found in indoor air 

Common indoor VVOCs and 50 ppb 03 
inorganic gases half-life 

hours 

Formaldehyde 74500000 

Acetaldehyde 26100 

Methane 130000 

Ethane 15700000 

Propane 15700000 

n-Butane 15700000 

Ethene 98.4 

Propene 15.5 

Isobutene 13.6 

Nitric Oxide (NO) 0.0087 

Nitrogen Dioxide (N02) 4.89 

Ammonia (NH3) 15600 

Sulfur Dioxide (S02) 1570000 

Hydrogen Sulfide (H2S) 0.39 

Dimethylsulfide (CH3SCH3) 196 

Carbon Monoxide (CO) 391000000 

as carbon monoxide and the nitrogen oxides. Table 6 
lists VVOCs and inorganic gases commonly found in 
indoor air, as well as typical indoor concentrations, and 
rate constants for their reaction with ozone. The half
lives for these compounds in the presence of 50 and 
100 ppb of ozone are listed in Table 7. 

It is apparent from Table 7 that at 50 or 100 ppb, 
ozone has a negligible effect on the concentration of 
species such as formaldehyde, acetaldehyde, ammonia, 
sulfur dioxide and carbon monoxide. Although the re
action between ozone and hydrogen sulfide is rela
tively fast, the reactl:on between ozone and di
methylsulfide is much slower - too slow to effectively 
compete with air exchange. 

The fastest reaction listed in Table 6 is that between 
ozone and nitric oxide. We noted in an earlier section 
the importance of this reaction in determining the net 
ozone concentration outdoors. It is also important in 
determining net ozone levels indoors, both directly 
and indirectly. Figure 3 shows indoor ozone and nitric 
oxide concentrations measured during June 1993 at a 
telephone office in Burbank, California, USA. In this 
figure indoor ozone and nitric oxide anti-correlate -
significant levels of ozone only accumulate when little 
nitric oxide is present and vice-versa. In indoor settings 
in which these compounds are present solely as a 
consequence of outdoor:-to-indoor transport, the in
door reaction between ozone and nitric oxide has its 
greatest impact when "the tide turns" and one of these 
species shifts from increasing to decreasing in concen
tration (.1xley et al., 1993; Weschler �t al., 1994). In the 
presence of an indoor nitric oxide source (e.g., a gas 
stove or an unvented _kerosene heater), this reaction is 
important anytim: ozone is also present (Zhang et al., 

50 ppb 03 100 ppb 03 100 ppb 03 
half-life half-life half-life 

days hours days 

3100000 37200000 1550000 

1100 13000 550 

5400 65000 2700 

652000 7830000 326000 

652000 7830000 326000 

652000 7830000 326000 

4.1 49.2. 2.1 

0.65 7.75 0.32 

0.57 6.8 0.28 

0.0004 0.0043 0.0002 

0.20 2.45 0.10 

652 7800 326 

65000 783000 32500 

0.02 0.19 0.01 

8.2 98 4.1 

16300000 195000000 8150000 

1994a). Under such conditions, the measured concen
tration of indoor ozone is a net concentration; it is the 
concentration that remains after any nitric oxide emit
ted indoors or introduced from outdoors has been ti
trated. The product of the ozone/nitric oxide reaction 
is nitrogen dioxide. 

80 

hour of dey 

160 

hour of day 

0 
OZONE 

0 
NITRIC OXIDE 

day ot 
month 

day of 
month 

Fig. 3 Indoor levels of ozone (top) and nitric oxide (bottom) for 
the month of June, 1993 at a telephone office in Burbank, CA 
(Weschler et al., 1994b) . 
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The reaction between ozone and nitrogen dioxide is 
slower than that with nitric oxide, but still fast enough 
to compete with moderate air exchange rates. The pri
mary product of the ozone/nitrogen dioxide reaction is 
the nitrate radical. The nitrate radical is photolytically 
unstable and does not accumulate outdoors during 
daylight hours. Indoors, in the absence of direct sun
light, the nitrate radical can accumulate (analogous to 
outdoors at night) . The nitrate radical is very reactive; 
reaction rates with most indoor organic pollutants are 
significantly faster than typical air exchange rates 
(Weschler et al., 1992b; Weschler et al., 1994; Weschler 
and Shields, 1996a). Given its high reactivity, the ni
trate radical is short-lived and is ultimately converted 
to nitric acid in typical indoor environments. 

In summary, for VVOCs and inorganic gases, the 
situation is similar to that described for VOCs-ozone 
reacts with only a fraction of these compounds fast 
enough to compete with average ventilation rates. In 
the case of those compounds that do react "fast 
enough", the reactions with ozone produce additional 
pollutants. (Products that result from the reaction of 
ozone with compounds listed in Table 7 and not men
tioned in the preceding paragraphs include sulfur 
dioxide from the hydrogen sulfide reaction and form
aldehyde from the reaction with ethene, propene or 
isobutene). 

Airborne Particles 

Ozone has little effect on the concentration of airborne 
particles. There are tpree principal reasons for this: i) 
most of the constituents of airborne particles react with 
ozone at rates too slow for the reactions to be of signifi
cance indoors; ii) collisions between ozone molecules 
and airborne particles are much less frequent .than col
lisions between ozone and common VOCs or inorganic 
gases; and iii) since a particle consists of literally mil

lions of molecules, it takes millions of reactions be
tween ozone molecules and a particle to alter the 
chemical nature of the particle. The following para
graphs discuss these factors in more detail. 

Fine particles (<2.5 µm diameter) are roughly 30-
50% water-soluble salts (e.g., ammonium sulfate, am
monium bisulfate, letivocite, ammonium nitrate, so
dium chloride), 10-40% carbonaceous material and 5-
20% trace elements. Coarse particles (>2.5 µm diam
eter) are roughly 5-20% water-soluble salts, 5-20% car
bonaceous material and 30-60% oxides and minerals 
(e.g., silicates; calcium, aluminum, and magnesium hy
droxides; calcium carbonate; calcium sulfate; iron ox
ides). The carbonaceous material found in particles is 
a mixture of elemental and organic carbon. The ma
jority of the organic carbon consists of saturated or-
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ganic compounds with lesser amounts of unsaturated 
species. It is only these latter constituents of airborne 
particles that can read with ozone at a meaningful rate. 
Typically less than 5% of the constituents of fine par
ticles and less than 3% of the constituents of coarse 
particles react with ozone fast enough for moderate 
ozone levels (50 to 100 ppb) to significantly alter their 
concentrations. 

For ozone to react with an airborne particle, a colli
sion must occur between an ozpne molecule and a par
ticle. The frequency of such collisions is relatively 
small compared with the frequency of collisions be
tween ozone and vapors (or gases) commonly found 
indoors. To fully appreciate this it is useful to compare 
the number of particles in a cubic centimeter of air with 
the number of molecules of a given vapor phase com
pound in the same volume of air. The number of par
ticles in a given volume of air decreases as the size of 
the particles increase (see Finlayson-Pitts and Pitts, p. 
734, 1986; Hinds, p .  277, 1982). For particles in the 0.1-
0 .2 µm diameter size range, typical indoor concen
trations are between 30 and 500 particles/ cm3. For par
ticles in the 0.5-0.6 µm diameter size range, typical in
door concentrations are between 0.03 and 0.5 particles/ 
cm3. In contrast, in units of molecules per cubic cent
imeter, a 5 ppb VOC has a concentration of 1 X�011 
molecules/ cm3. The probability of an ozone molecule 
colliding with a particle is many orders of magnitude 
less likely than with a voe. 

The mass accommodation coefficient is defined as the 
number of "sticks" per total number of collisions. Tang 
and Lee (1987) have measured an accommodation coef
ficient of 5 X 10-4 for ozone striking aqueous surfaces. 
We are unaware of measurements of accommodation 
coefficients for collisions between ozone and airborne 
particles. However, the ,mass accommodation coef
ficients are expected to be similar to those measured 
for sulfur dioxide/particle collisions (Wesdtler et a:I., 
1992b). The latter are in the range of 10-3 to 10-4 (Jud
eikis et al ., 1978). When a "stick" occurs in the vicinity 
of a constituent that contains an unsaturated carbon
carbon bond, there is the potential for ozone altering a 
molecule associated with the particle. However, even 
if the collision and "stick" results in the transformation 
of one of the molecules associated with the particle, it 
has little effect on the overall composition of the par
ticle. A unit density 0.1-µm diameter particle contains 
approximately 106 molecules; a 0.5-µm diameter par
ticle contains approximately 108 molecules. An exceed
ingly large number of reactim.}s between ozone mol
ecules and an individual particle are necessary before 
the chemical composition of the particle is �ltered sig
nificantly. The larger the particle, the gr�ater the num-



ber of collisions and subsequent reactions with ozone 
that are necessary. Yet the larger the particle, the 
shorter its residence time in air. Hence, ozone is even 
less effective at altering the composition of coarse par
ticles. 

Compounds Associated with Surfaces 

In addition to reacting with a small subset of indoor 
airborne chemicals, ozone can also react with a subset 
of chemicals that constitute or are adsorbed on indoor 
surfaces. Examples include natural rubbers and neo
prene; compounds associated with latex paint, lin
oleum and carpet; unsaturated constituents of waxes 
and polishes; and unsaturated semi-volatile organics 
(SVOCs) adsorbed on indoor surfaces. Such reactions 
are referred to as heterogeneous reactions, in contrast to 
gas phase reactions, which are termed homogeneous re
actions. Heterogeneous reactions involving ozone have 
a number of undesirable consequences, including 
cracking of stressed rubber, fading of dyes, damage to 
photographic materials and deterioration of books 
(Brimblecombe, 1990). Such reactions can also be a 
source of volatile, and sometimes highly odorous, alde
hydes and ketones, as noted in the following para
graphs. 

The section on Volatile Organic Compounds discussed 
a study by Weschler, Hodgson and Wooley (1992c) that 
examined interactions between ozone and several 
brands of carpets. In addition to products resulting 
from the reaction of ozone with selected voes emitted 
by the new carpets, the investigators also identified 
several higher molecular weight aldehydes (n-e5 to n
ern aldehydes - pentanal, hexanal, heptanal, octanal, 
nonanal and decanal) that had no identified gas phase 
precursors .. These compounds were apparently derived 
from reactions between ozone and unsaturated organic 
compounds associated with the carpet or carpet back
ing. Possible precursors included unsaturated fatty 
acids such as oleic, linoleic or arachidonic acid. 

Morrison and Nazaroff (1999) have extended the 
ozone carpet studies just described. They aged 4 differ
ent samples of carpet in a ventilated enclosure for more 
than a year. The samples were then exposed to 100 ppb 
of ozone in a 10.5 L chamber for 2 to 5 days. Oxidized 
organic compounds coming off of the carpets were 
measured during and after the ozone exposure. One of 
the carpets - a residential, nylon fiber, cut pile carpet -
emitted significant quantities of n-e4 to n-ell alde
hydes, as well as 2-nonenal. The 2-nonenal is especially 
significant saj.ce it has a very low odor threshold -
0.0019 ppb. Even when the ozone exposure ceased, the 
carpets continued to release the aldehydes. Weschler et 
al. (1992c) had made s�ilar observations. These com-
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pounds apparently sorb to the carpet surface after they 
have formed, and the carpet becomes a reservoir for 
the aldehydes, releasing them long after the ozone ex
posure ends. Using a steady-state model and the meas
ured emission rates, Morrison and Nazaroff estimated 
that "occupants could smell these compounds for 
years after installation of this carpet in a typical home". 
Morrison has further suggested that ozonide inter
mediates may help to explain the somewhat delayed 
release of certain oxidation products, such as 2-nonen
al, from carpet surfaces (Morrison, 1999). This is an in
teresting hypothesis with broad implications and war
rants further examination. 

In a study that was conducted in residences in the 
greater Boston area, Reiss and co-workers (1995b) 
found a correlation between the removal of ozone by 
indoor surfaces and the formation of certain alde
hydes, ketones and organic acids. The authors noted 
that their results were confounded by variations in 
temperature and relative humidity that occurred dur
ing the study. Nonetheless, they concluded, " . . .  ozone 
reactions may account for a measurable portion of the 
concentration of polar voes (e.g., aldehydes, ketones) 
found in residential environments." 

Paints, especially "low VOe paints", commonly use 
linseed oil as a drying agent. Linseed oil contains a 
number of unsaturated fatty acids, including linoleic 
acid and linolenic acid. Andersson et al. (1996) have 
demonstrated that when such paints are used indoors 
in the presence of ozone, a series of aldehydes and or
ganic acids are produced. Major products include pro
panal, hexanal, propanoic acid, and hexanoic acid, 
with lesser amounts of formaldehyde, acetaldehyde, 
pentanal, octanal, and nonanal. 

Morrison and Hodgson (1996) exposed various con
stituents of HVAe systems to 100 ppb of ozone in 10.5-
L chambers that were ventilated at 5.7 h-1. They also 
collected samples of voes and aldehydes from the 
ventilation system of a new building. In general, they 
found that the contribution of these materials to voes 
and aldehydes in buildings are " ... likely to be low". 
However, they did find that exposures of certain 
HVAe materials to 100 ppb of ozone resulted in in
creased concentrations of n-C5 to n-ClO aldehydes. In 
the case of a new neoprene duct liner they measured 
a combined n-C5 to n-elO aldehyde emission rate of 
approximately 400 µg/m2h, large enough to impact the 
indoor concentrations of these aldehydes under typical 
conditions. 

On a m0lecular level, the interactions of ozone with 
surfaces are not as well understood as the interaction 
of ozone with gas phase species. In the section on-air
borne particles, mass accommodation coefficients (i.e., the 
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number of "sticks" per total numb�r of collisions) were 
introduced. For surfaces, the mass accommodation co
efficient varies with the nature of the surface, com
pounds adsorbed on the surface, temperature and rela
tive humidity. Typical mass accommodation coef
ficients for glass, latex paint, and wall paper (vinyl and 
paper) are in the range of, 10-5 to 10-7 (Reiss et al., 
1994). When a "stick" occurs the ozone molecule can 
react with surface constituents to produce products, in
cluding voes, or the ozone molecule can decompose 
through a series of surface assisted steps. For a given 
VOe, the VQC formation factor, K, is defined as the 
number of molecules of voe formed on the surface 
divided by the total number of "sticks". Different 
voes have different voe formation factors. Once a 
voe is formed on a surface, it can leave the surface 
and enter the gas phase. Reiss et al. (1995a) determined 
voe formation factors for reactions between ozone 
and various types of interior latex paints. Four differ
ent brands of paint were applied to the inside surfaces 
of glass tubes that served as flow reactors. Air contain
ing ozone (49 to 147 ppb) was passed through the 
tubes and the concentrations of selected organics were 
measured upstream and downstream of the tube. The 
flow of ozone through the tube was too fast for homo
geneous chemistry to occur; the only reactions that 
were possible were heterogeneous reactions. The 
authors found that, for two of the paints, formalde
hyde was produced in significant amounts - the form
aldehyde formation factor for these paints ranged from 
0.1 to 0.3. The authors•hypothesized that the formalde
hyde resulted from oz�mation of unsaturated residues 
in the vinyl resins of the paints. Based on these results, 
they conducted modeling studies that indicated that 
heterogeneous reactions between ozone and cei:.tain la
tex paints could contribute significant quantities of 
formaldehyde to indoor settings. 

Most of the reported reactions between ozone and 
surfaces involve constituents or · sorbed compounds 
with unsaturated carbon-carbon bonds. Surfaces that 
possess only saturated carbon-carbon bonds are not ex
pected to react with ozone or to emit significant quan
tities of oxidized species as a consequence of such reac
tions. 

Ozone as an /1 Air Purifying" Agent 

Several companies currently offer ozone generators 
that claim to remove chemical pollutants from indoor 
air. The devices are promoted as being safe for use in
doors, which implies ozone concentrations of 100 ppb 
or less (see Table 1). However, the preceding sections 
have presented basic chemical and physical data indi
cating that ozone concentrations less than 100 ppb will 
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have negligible effects on the majority of gaseous and 
condensed phase pollutants found in indoor environ
ments. In a 1995 review, Boeniger examined the use of 
ozone generating devices for the purpose of improving 
indoor air quality. He concluded that for many of the 
chemicals fotmd in indoor air it would take months or 
years for ozone, at 100 ppb, to significantly reduce 
their concentration. Tables 5 and 7 in the present re
port - expanded versions of a table presented in the 
Boeniger review - further illustrate this theme. 

As noted above, there are some indoor pollutants 
that do react with ozone at a meaningful rate - primar
ily those compounds with unsaturated carbon-carbon 
bonds. However, these compounds typically represent 
less than 10% -of the total gas phase pollutants (see sec
tions on VOes and VVOCs and inorganic gases). Fur
thermore, reductions in the concentration of these un
saturated hydrocarbons are, to a large extent, matched 
by an increase in the concentration of a series of alde
hydes, ketones, organic acids and other oxidized hy
drocarbons that are products of the ozone/unsaturated 
hydrocarbon reactions. In outdoor air, oxidation of an 
organic often increases its water solubility and hence 
the rate at which it is removed by rain (Finlayson-Pitts 
and Pitts, 1986, 2000). In indoor settings, absent precip
itation, oxidation accomplishes little in the way of 
"cleansing".  Indeed, the oxidized products are often 
more irritating than their precursors (Wolkoff et al., 
1999, 2000). 

Advocates of ozone as an "air purifying" agent 
attempt to draw parallels between air purification and 
water purification. However, the concentration of 
ozone used in water purification is several orders of 
magnitude larger than an air concentration of 50 or 100 
ppb. Additionally, ozone/pollutant reactions in water 
involve not only the reactants, but also 10 to 20 sur
rounding water molecules (Mahan, 1965); in air the 
dominant reactions never involve more than three mol
ecules colliding at the same time. Perhaps most import
antly, water provides a solvent cage that surrounds a 
given ozone/pollutant pair as the reaction proceeds to
wards completion. In water, when ozone encounters a 
pollutant, the molecules may collide several hundred 
times, providing many opportunities for reaction (Ma
han, 1965). In air, ozone collides with a pollutant and, 
if no reaction occurs, the molecules diffuse away from 
the region where the initial collision occurred. As an 
illustration of this point, the rate constants for the reac
tion of ozone with selected alkenes are 100 to 3600 
times larger in wc:_ter than in air (Dowideij: and 
Sonntag, 1998). 

For airborne chemical pollutants with primarily in
door ·sources, a modest increase- in ventilation is ex-



pected to produce a greater reduction in pollutant con
centrations than the deliberate introduction of 50 to 100 
ppb of ozone into a room. 

Conclusions 
As recently as a 10 to 15 years ago many scientists 
thought indoor ozone levels were negligible and of 
little consequence. This misperception persisted de
spite the pioneering measurements in the early 1970s 
by Shair and co-workers at Cal Tech and Thompson 
and co-workers at UC-Riverside. Their studies demon
strated that outdoor to indoor transport of ozone was 
significant, and that indoor ozone levels were fre
quently 30% to 70% the corresponding outdoor levels. 
In the intervening period researchers from around the 
world have confirmed and extended the original obser
vations of the Shair and Thompson groups regarding 
outdoor-to-indoor ozone transport. Additionally, dur
ing this same period, the indoor sources of ozone have 
increased - photocopiers, laser printers, electrostatic 
precipitators and ozone generators (sold as "air puri
fiers"). 

Indoor ozone not only directly impacts human 
health, materials and cultural artifacts, but also plays 
an important role in indoor chemistry. We now know 
that ozone/alkene reactions can produce meaningful 
quantities of hydroxyl radicals indoors (Weschler and 
Shields, 1996b, 1997b) and that ozone/nitrogen dioxide 
reactions can produce �door nitrate radicals (Weschler 
et al., 1992b). Reactions among hydroxyl (or nitrate 
radicals) and indoor voes generate still other radicals . 
These free radical processes are driven by ozone, not 
photochemistry. Ozone/ alkene reactions also generate 
semi-volatile products that can contribute tb the 
growth of submicron particles (Weschler and Shields, 
1999; Wainman, 1999; Wainman et al., 2000) and sorb 
on indoor surfaces (Weschler et al., 1992c; Morrison et 
al, 1999; Morrison, 1999). Some of the resulting prod
ucts, especially oxidized products that still contain un
saturated bonds, have very low odor thresholds - less 
than 10 ppt (see results of Morrison et al., 1999). Such 
compounds, sorbed on indoor surfaces and offgassing 
at relatively slow rates, can adversely influence occu
pant perceptions for extended periods of time. 

Indoor ozone chemistry has been somewhat over
looked, in part because most of the analytical tools that 
have been routinely applied to indoor air have been ill 
suited to the detection of short lived, highly reactive 
species Qr highly polar, multi-functional (-C=O, 
-OH, -COOH), oxygenated compounds. As tech
niques are develope� that permit the more facile 
identification of both free radicals and highly polar 
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oxidized species, we will be in a position to better 
evaluate the effects of indoor ozone chemistry on our
selves and our surroundings. 
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