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Abstract 12 

Ozone-initiated chemistry in indoor air can produce sub-micron particles, which are potentially harmful 13 
for human health. Occupants in indoor spaces constitute potential sites for particle generation through 14 
ozone reactions with human skin and clothing. This investigation conducted chamber experiments to 15 
examine particle generation from ozone reactions with clothing (a T-shirt) under different indoor 16 
conditions. We studied the effect of various factors such as ozone concentration, relative humidity, soiling 17 
levels of T-shirt with human skin oils, and air change rate on particle generation. The results showed that 18 
ozone reactions with the T-shirt generated sub-micron particles, which were enhanced by the soiling of 19 
the T-shirt with human skin oils. In these reactions, a burst of ultrafine particles was observed about one 20 
hour after ozone injection, and then the particles grew to larger sizes. The particle generation from the 21 
ozone reactions with the soiled T-shirt was significantly affected by the different factors studied and these 22 
reactions were identified as another potential source for indoor ultrafine particles. 23 
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1. Introduction 25 

The indoor environment can be thought of as a large chemical vessel with reactions taking place 26 
continuously (Weschler and Shields, 1997). Ozone is a major driver of this indoor chemistry and reacts 27 
with various compounds in the gas phase and on surfaces to produce oxidation products (Weschler, 28 
2011). Some of these oxidation products with low vapor pressures can also increase the indoor particle 29 
concentrations by nucleating to form new particles or condensing on existing particles (Sarwar et al., 30 
2003; Weschler and Shields, 1999). Hence, several investigations have studied the particle generation 31 
resulting from ozone reactions with terpenes, which are common constituents of many consumer products 32 
such as cleaners, fragrances, etc. (Coleman et al., 2008b; Destaillats et al., 2006; Sarwar et al., 2004; 33 
Singer et al., 2006). These investigations concluded that ozone reactions with terpenes can be an 34 
important source of sub-micron particles in indoor air, a potential health concern. Ozone itself is a well-35 
known health hazard for humans in various indoor settings such as buildings and airliner cabins (EPA, 36 
2006; Weschler, 2006). The health risk from ozone is elevated in airliner cabins because of its high 37 
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concentrations, especially without catalytic converters in the environmental control systems, which 38 
remove ozone from the air supply (Bhangar et al., 2008; NRC, 2002; Spengler et al., 2004). The ozone-39 
initiated particles are also a potential health risk, but this risk is more tentative since their composition and 40 
toxicities are unknown (Carslaw et al., 2009; Weschler, 2006). 41 

The above literature review showed that the ozone reaction with terpenes is an important source 42 
of sub-micron particles in indoor air. It is also well known that humans themselves constitute an 43 
important site for ozone reactions with their skin (Wisthaler and Weschler, 2010), clothing (Coleman et 44 
al., 2008a), and hair (Pandrangi and Morrison, 2008). These reactions are mainly attributed to squalene, 45 
which is a triterpene found in human skin oils (Wisthaler and Weschler, 2010). Hence, we can expect 46 
these ozone reactions with human skin oils to generate sub-micron particles, which was also hypothesized 47 
by Fadeyi et al. (2013). However, to our knowledge there has been no investigation of particle generation 48 
from skin oils. 49 

Hence, this investigation was undertaken to examine particle generation due to ozone reactions 50 
with clothing with/without human skin oils under different indoor conditions. We studied the effect of 51 
various factors such as ozone concentration, relative humidity, degree of soiling of a T-shirt with skin 52 
oils, and air change rate on particle generation, and also analyzed it for a typical building condition. 53 

2. Method 54 

This investigation conducted experiments in an environmental chamber to simulate the desired 55 
indoor conditions. The description of the experimental setup is given in detail in Rai et al. (2013). To 56 
avoid redundant information, the following provides a summary of the experimental setup. This study 57 
used a stainless-steel chamber of dimensions 1.8 m × 1.7 m × 1.7 m as shown in Figure 1. In the center of 58 
the chamber was a steel box of 0.2 m × 0.4 m × 1.2 m. The box was used as a human simulator with a 59 
surface temperature maintained at 31±1 °C. A cotton T-shirt (area ≈ 0.9 m2) with/without human skin oils 60 
was stretched over the human simulator, which was the primary site for ozone reactions. The T-shirt was 61 
washed in a fragrance- and dye-free detergent, and its soiling by skin oils was achieved by a male 62 
subject’s (26 years old Indian) sleeping in it unless otherwise mentioned. The chamber was supplied with 63 
fresh air at an airflow of 0.5-2.7 Air Changes per Hour (ACH) and was maintained with an exhaust 64 
temperature of approximately 24 °C. The ozone was generated outside the chamber and mixed with the 65 
supply air. The ozone depleted inside the chamber and generated particles. The experiment measured the 66 
time-varying concentrations of ozone and particles at the inlet and exhaust. 67 
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68 
Fig. 1. Schematic of the environmental chamber used to study particle generation from ozone reactions 69 
with a T-shirt on a human simulator 70 

The ozone concentration was measured with a photometric ozone analyzer (Model 202 by 2B 71 
Technology). The particle size distributions were monitored by a Scanning Mobility Particle Sizer 72 
(SMPS) (Model 3936 by TSI), which measured the number concentrations of particles between 9.65 and 73 
421.7 nm in diameter and separated them into 105 bins (or 64 bins per decade of particle diameter). The 74 
SMPS software also calculated the particle mass concentrations by:  75 

 3
p

πM ρ D N
6

=  (1)  

where ρ is the particle density; Dp the geometric midpoint diameter of the particle size bin; N the particle 76 
number concentration; and M the particle mass concentration. The particle density was taken as 1.2 g/cm3 77 
as suggested by Turpin and Lim (2001), who derived their results by using the data of Rogge et al. (1993) 78 
for atmospheric organic aerosols. Note that the particle number concentrations are approximate values 79 
since the SMPS was not calibrated before making the measurements, and the existing factory settings 80 
were used. Hence, the mass concentrations also bear large uncertainties since it was derived from the 81 
number concentrations by using Eq. (1). 82 

In order to examine the particle generations due to ozone reactions with clothing and identify the 83 
effect of different factors on these generations, this investigation designed 12 experimental cases. Table 1 84 
summarizes the chamber conditions in these cases. The first three cases (Cases 1-3) studied the effect of 85 
different surfaces on particle generation. These were the chamber surfaces, a laundered T-shirt surface, 86 
and a T-shirt surface soiled with human skin oils. Next, Cases 4-11 were used to investigate the effects of 87 
different factors such as ozone concentration, relative humidity, degree of T-shirt soiling, and air change 88 
rate on particle generations. Finally, particle generation for a typical building condition was studied in 89 
Case 12. 90 
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Table 1 91 
Details of the experimental conditions in the chamber used for studying particle generation from ozone 92 
reactions with human clothing 93 

Case 
Ozone 

concentration 
(ppb) 

Relative 
humidity 

(%) 

Hours the T-shirt was worn 
(h) 

Air change 
rate (ACH) 

1 42 15 No T-shirt 0.5 
2 46 17 Laundered T-shirt 0.5 
3 40 12 6 0.5 
4 148 20 6 0.5 
5 54 44 6 0.5 
6 70 23 2 0.5 
7 57 24 12 0.5 
8 53 27 6 hours by a different human 

subject 
0.5 

9 75 12 No T-shirt 2.7 
10 51 11 6 2.7 
11 133 11 6 2.7 
12 22 28 6 0.5 

In all the above cases, we measured the background ozone and particle concentrations from t = 0 - 94 
2.5 h. The background levels were typically low and the ozone and particle number concentrations were 95 
about 5 ppb and 200 #/cm3, respectively. From t = 2.5 h, ozone was continuously injected in the chamber 96 
and we measured the time varying ozone and particle concentrations until t = 12.5 h, when the experiment 97 
was completed. 98 

3. Results 99 

This section first presents the results from Cases 1, 2, and 3, which were used to identify the 100 
effects of different surfaces on ozone-initiated particle generations. Next, the results of Cases 4 - 12 were 101 
used to analyze the influence of different factors on these particle generations and also to study them for a 102 
typical building condition. Table 2 summarizes the key results. 103 
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Table 2 104 
Key results from the study of particle generation from ozone reactions with human clothing 105 

Case 
Nmax, exhaust 

(#/cm3) 

Time at 
Nmax, exhaust 

(hours) 

GMD at 
Nmax, exhaust 

(nm) 

GSD at 
Nmax, exhaust 

Particle number 
concentrations at 

the end of 
experiment 

(#/cm3) 

Particle mass 
concentrations at 

the end of 
experiment 

(µg/m3) 
Inlet Exhaust Inlet Exhaust 

1 1212 8.2 20 2.2 271 509 0.15 0.30 
2 2180 5.2 28 1.8 512 1235 0.28 0.49 
3 8034 4.2 31 1.4 138 1408 0.08 0.79 
4 23326 3.7 31 1.4 134 2212 0.07 1.10 
5 8639 4.0 35 1.5 102 1819 0.07 1.86 
6 3762 4.7 34 2.3 878 1404 0.62 2.09 
7 8929 4.2 32 1.5 240 1886 0.14 1.29 
8 5527 4.5 36 1.6 200 1293 0.15 1.32 
9 323 6.0 19 2.3 217 208 0.17 0.16 
10 781 1.7 19 2.2 159 192 0.05 0.17 
11 714 0.5 20 2.2 140 171 0.08 0.11 
12 1185 6.5 36 1.7 62 591 0.04 0.18 

Nmax, exhaust is the peak particle number concentration at exhaust; GMD and GSD are the geometric 
mean diameter and standard deviation of particle size distributions, respectively. 

3.1. Effect of different surfaces on the ozone initiated particle generation 106 

This subsection discusses particle generation due to ozone reactions with the steel chamber, 107 
laundered T-shirt, and soiled T-shirt surfaces. Figure 2 shows that the exhaust particle concentrations 108 
were very low in Cases 2 and 3 without ozone injection (t < 2.5 h). The particle concentrations were not 109 
measured without ozone in Case 1 because of a malfunction of the SMPS. After ozone injection (t > 2.5 110 
h), the exhaust particle concentration did not show a significant increase without the T-shirt (Case 1) if 111 
can be assumed that the conditions for Cases 2 and 3 for t < 2.5 h applied to Case 1. However, the particle 112 
concentration increased significantly when the T-shirt was present (Cases 2 and 3). Compared with the 113 
laundered T-shirt (Case 2), the particle concentration was much higher with the soiled T-shirt (Case 3) 114 
after ozone injection. These results show that the ozone reactions with the T-shirt generated particles, 115 
which were enhanced by the soiling of the T-shirt, probably due to the ozone reactions with human skin 116 
oils as suggested by Fadeyi et al. (2013). 117 
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 118 
Fig. 2. Effect of chamber, laundered T-shirt, and soiled T-shirt surfaces on the ozone-initiated particles 119 
measured at the exhaust 120 

We further analyzed particle generation due to ozone reactions with the soiled T-shirt (Case 3) 121 
since it was the most significant. Figure 3 shows the temporal variations of particle number and mass 122 
concentrations at the inlet and exhaust for Case 3. The corresponding particle size distributions at the 123 
exhaust are shown in Figure 4 for some important points in time. The exhaust particle concentrations 124 
were low from t = 0 - 2.5 h as shown in Figures 3 and 4(a) due to the low inlet concentrations. From t = 125 
2.5 h, ozone was continuously injected in the chamber, but the particle concentrations were still low even 126 
after 40 minutes (t = 3.2 h) as shown in Figure 4(b). At t = 3.4 h, a primary burst of ultrafine particles 127 
with a geometric mean diameter of approximately 18 nm was measured as shown in Figure 4(c). This 128 
one-hour delay after the ozone injection was probably due to the time required for the generation of 129 
sufficient precursors from the ozone reactions (low-vapor-pressure oxidation products), which can form 130 
particles. 131 

The primary burst could be attributed to nucleation (which forms new particles) or condensation 132 
(which leads to particle growth) on smaller existing particles, which grew to sizes measurable by SMPS. 133 
However, nucleation seems more likely, since condensation on existing particles should also produce 134 
particle bursts in higher sizes as suggested by Sarwar et al. (2003). After the primary burst, the number 135 
and mass concentrations increased for about 45 minutes (until t = 4.2 h), and the particles sizes also grew 136 
as shown in Figures 3 and 4(d). Hence, nucleation, condensation, and coagulation mechanisms seemed to 137 
prevail. The number concentrations then decayed (until t = 7.0 h), which means that new particles formed 138 
at a slower rate as compared to the removal of existing particles by ventilation and deposition. However, 139 
the mass concentrations and particle sizes continued to increase, indicating that particle generation by 140 
condensation was dominant, as shown in Figures 3, 4(e) and (f). Coagulation of particles could also be 141 
responsible for some of the particle growth, but it cannot account for the increasing mass concentrations, 142 
suggesting that growth by condensation was more significant. 143 

A secondary burst of ultrafine particles was observed at t = 7.2 h as shown in Figures 3 and 4(g). 144 
Hence, it seems that new particles were formed by nucleation, since insufficient particles were left in the 145 
chamber, which reduced the surface area available for condensation as shown in Figure S1. A similar 146 
phenomenon was also observed by Coleman et al. (2008b) during ozone initiated particle generations 147 
from terpene-rich household products. The particle concentrations and sizes continued to increase until t = 148 
8.5 h, probably as a result of  nucleation, condensation, and coagulation mechanisms as shown in Figures 149 
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3 and 4(h). Finally, the particle number concentrations decayed until the end of the experiment because of 150 
ventilation and deposition. The mass concentrations also decayed, probably because of a decrease in 151 
particle generation rate or particle growth beyond the measuring range. Figures 4(i) and (j) illustrate the 152 
particle size distributions towards the end of the experiment. We did not observe another burst of particles 153 
toward the end of the experiment despite the number concentrations (and surface area) being lower than 154 
that at which the secondary burst was observed. Hence, it seems that the particle generation rate declined 155 
towards the end, probably as a result of depletion of skin oils from the T-shirt surface. 156 

 157 
Fig. 3. Temporal variations of particle number and mass concentrations at the inlet and exhaust for the 158 
ozone reactions with the soiled T-shirt in Case 3. 159 
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 160 
Fig. 4. Evolution of particle size distributions at the exhaust for the ozone reactions with the soiled T-shirt 161 
in Case 3 162 
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3.2 Effect of different factors on the ozone initiated particle generation 163 

This investigation used Cases 4 to 11, given in Table 1, to identify the effect of different factors 164 
on particle generation resulting from ozone reactions with a soiled T-shirt.  These cases were originally 165 
designed by keeping Case 3 as the reference and varying one factor at a time to isolate its effect on 166 
particle generation. However, it was difficult to control the chamber conditions precisely, and sometimes 167 
more than one factor varied from the reference case, which made the reference case unsuitable for 168 
comparison. Hence, we compared those cases which had roughly identical conditions except for the factor 169 
to be examined. The factors examined were ozone concentration, relative humidity, soiling degree of the 170 
T-shirt, and air change rate. 171 

Effect of ozone concentration 172 

This investigation compared Cases 3 and 4, given in Table 1, which had 40 ppb and 148 ppb 173 
ozone, respectively, in order to identify the effect of ozone on particle generation. The other conditions 174 
were similar between the two cases. 175 

Figures 5(a) and (b) compare the particle number and mass generation, respectively, from the 176 
ozone reaction with the soiled T-shirt in Cases 3 and 4. In both the cases, the inlet particle concentrations 177 
were very low throughout the experiment. A primary and secondary burst of ultrafine particles was 178 
measured at exhaust after ozone was injected at t = 2.5 h and the particle generation mechanisms were 179 
also similar. However, the primary burst occurred earlier in Case 4 (148 ppb ozone), and the particle 180 
number and mass concentrations were also generally higher as shown in Figures 5(a) and (b). Hence, it 181 
seems that the high ozone concentration in Case 4 increased the production of particle-forming precursors 182 
from its reactions with the soiled T-shirt. The secondary burst of particles happened later in Case 4 than 183 
that in Case 3 since the high particle concentrations (and high surface areas) in Case 4 probably sustained 184 
condensation for a longer period of time. 185 

 186 
Fig. 5. Effect of ozone concentration on (a) particle number generation and (b) particle mass generation 187 
when the ozone reacted with the soiled T-shirt 188 
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Effect of relative humidity 189 

This study used Case 5 with a relative humidity of 44% to study the impact of relative humidity 190 
on particle formation, by comparing it with Case 3 with a relative humidity of 12%. The other conditions 191 
were roughly similar for the two cases.  192 

The inlet and exhaust particle number concentrations over time were approximately the same in 193 
Cases 3 and 5 as shown in Figure 6(a), except that the secondary burst was less pronounced in Case 5. 194 
The secondary burst was less significant in Case 5 because condensation was dominant over nucleation 195 
due to the large surface area of existing particles as shown in Figure S2. The particle mass concentrations 196 
were also significantly higher in Case 5 (44% RH), as shown in Figure 6(b), because of larger particle 197 
sizes. Such an increase in sizes was reported by Dua and Hopke (1996) for some indoor particles at high 198 
relative humidity conditions, and was attributed to hygroscopic growth. Hence, it seems that the particles 199 
generated by ozone reactions with the soiled T-shirt were hygroscopic in nature, and their sizes increased 200 
at high relative humidity, which also increased their masses. 201 

 202 
Fig. 6. Effect of relative humidity on (a) ozone-initiated particle number generation and (b) ozone-203 
initiated particle mass generation with the soiled T-shirt 204 

Effect of T-shirt soiling 205 

This investigation used Cases 6 and 7 given in Table 1, which had different soiling levels of the 206 
T-shirt but otherwise similar conditions, to identify the effect of soiling level on particle generation. The 207 
different soiling levels of the T-shirt were achieved by the male subject’s sleeping in it for 2 hours and 12 208 
hours in Cases 6 and 7, respectively. 209 

The generation of new particles from ozone reactions were very low in Case 6 compared with that 210 
in Case 7 as shown in Figure S3(a) because of the high initial particle concentrations in Case 6. Such a 211 
phenomenon was also reported by Sarwar et al. (2003), who found that low initial particle concentrations 212 
(and low surface areas) supported nucleation of new particles, whereas high initial concentrations (and 213 
high surface areas) favored condensation on existing ones. The particle mass generation was higher in 214 
Case 6 than that in Case 7 as given in Table 2 and shown in Figure S3(b), probably because the 2-hour 215 
soiling level was sufficiently high for the reaction and the reaction was already saturated. 216 
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In order to characterize the effect of skin oils from different human subjects on particle 217 
generation, this investigation used a T-shirt soiled by a female subject (middle-aged American) in Case 8. 218 
The results were compared with those of Case 7 under similar conditions. The particle number generation 219 
was lower in Case 8 than that in Case 7 due to high initial concentrations as shown in Figure S4(a), which 220 
was discussed when comparing Cases 6 and 7. The particle mass generation was approximately equal in 221 
Cases 7 and 8 as given in Table 2 and shown in S4(b), which indicates that it was unaffected by the 222 
different human subjects in these cases. 223 

Effect of air change rate 224 

Cases 9 to 11, given in Table 1, were at a higher air change rate of 2.7 ACH. Case 9 was without 225 
a T-shirt; Case 10 with a soiled T-shirt at 51 ppb ozone; and Case 11 with a soiled T-shirt at 133 ppb 226 
ozone. In all of these cases, particle generation due to ozone reactions was not observed because the 227 
exhaust and inlet particle concentrations were approximately the same, as illustrated in Table 2. It seems 228 
that there was insufficient time for particle formation at the high air change rate, since the high ventilation 229 
could quickly remove the particle-forming precursors from the chamber. These results are in qualitative 230 
agreement with a previous study by Weschler and Shields (2003), who measured particle generation from 231 
gas phase ozone reactions with d-limonene (a terpene) under different air change rates. They found that 232 
ozone-initiated particle generations decreased when the air change rate was increased, and finally that no 233 
excess particles were detected at air change rates exceeding 12.0 ACH. 234 

3.3 Ozone initiated particle generations under typical building conditions 235 

Most of the cases studied (Cases 1 to 8) were with an air change rate of 0.5 ACH, which 236 
corresponded to typical ventilation conditions in buildings. However, these cases had high ozone 237 
concentrations when compared with about 10 ppb as typically found in buildings. The high concentration, 238 
in fact, helps us accurately characterize the effect of different factors on the ozone reactions, since a low 239 
ozone concentration would considerably increase the experimental uncertainties. 240 

To study particle generations for a typical building condition, we conducted Case 12 as a low-241 
ozone case with only 22 ppb concentration, which can be found in buildings on a poor air quality day. In 242 
this case, a primary burst of ultrafine particles was observed about one hour after ozone injection, which 243 
was followed by growth in particle sizes as shown in Figure S5. Finally, the particle number 244 
concentration attained a steady value of about 600 #/cm3 with most particles lying in the ultrafine region 245 
(diameters < 100nm). Hence, it seems that the ozone reactions with human clothing can become a 246 
possible source for indoor ultrafine particles, which is further discussed in the next section. 247 

4. Discussion 248 

Ultrafine particles are presumably responsible for the association between the exposure to 249 
particulate matter and morbidity and mortality (Donaldson et al., 1998; Seaton et al., 1995; Sioutas et al., 250 
2005). Wallace and Ott (2011) estimated the indoors exposure to ultrafine particles as 2373 #/cm3 when 251 
no sources were present, and the total daily intake was estimated to be 172000 #-h/cm3 for typical 252 
suburban locations. We calculated that the ozone reactions with human surfaces can contribute between 253 
80-160 #/cm3 ultrafine particles for typical building conditions on a poor air quality day (See the 254 
Supporting Information for details), which corresponds to a daily intake of 1760 – 3520 #-h/cm3 ultrafine 255 
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particles for 22 hours spend indoors. Hence, such ozone reactions can account for approximately 5% of 256 
the indoor ultrafine particles and 2% of the total daily intake. Note that the above calculations had some 257 
simplifying assumptions and only provide a very rough estimate of exposure to ozone-initiated ultrafine 258 
particles from human surfaces. 259 

The ozone-initiated particle generations from human surfaces seem quite small when compared 260 
with those from ozone reactions with common consumer products such as fragrances and cleaners. For 261 
example, Long et al. (2000) observed a peak increase of 7-100 times in particle number concentrations in 262 
Boston-area homes due to the ozone reactions with a commercial cleaning agent. However, other human 263 
surfaces such as skin and hair could potentially react with ozone and generate particles at much higher 264 
rates compared to that by clothing, since human skin oil seems to be an important ingredient for the 265 
particle generations. Such particle generations could become significant in indoor settings with high 266 
occupancy and ozone levels such as airliner cabins. However, it should be noted that airliner cabins 267 
typically have very high air change rates, which can offset the effects of high occupant density and ozone 268 
concentration. 269 

5. Conclusions 270 

This investigation experimentally studied the particle generation due to ozone reactions with 271 
clothing (a T-shirt) in an environmental chamber under typical indoor conditions. The study identified the 272 
effect of some important factors such as ozone concentration, relative humidity, degree of soiling of the 273 
T-shirt with human skin oils, and air change rate on the particle generation. The study led to the following 274 
conclusions: 275 

The ozone reactions with T-shirt with/without human skin oils led to generation of sub-micron 276 
particles. Particle generation was significantly higher when the T-shirt was soiled with skin oils. Those 277 
particles were initially generated in the ultrafine region and then grew to larger sizes. 278 

The particle generation increased with increasing ozone concentrations. A higher relative 279 
humidity did not increase the particle number generation, but led to hygroscopic growth of particles to 280 
larger sizes, which increased their masses. The particle generation was relatively unaffected by an 281 
increase in soiling level of T-shirt from 2 hours to 12 hours or by different human subjects. At a higher air 282 
change rate, few particles were formed due to short residence time of the air. The ozone reactions with 283 
clothing in typical building conditions were identified as another potential source of ultrafine particles. 284 
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Supporting Information 364 

Particle generation and growth 365 

 The generation of new particles by nucleation versus particle growth by condensation depends on 366 
the surface area of existing particles. A low particle surface area concentration in the chamber favored 367 
generation of new particles (by nucleation), whereas a high surface area concentration favored particle 368 
growth (by condensation). To illustrate this, the variations of particle number and surface area 369 
concentrations with time are shown in Figure S1 for Case 3. As shown in the figure, initially the particle 370 
surface area concentration was very low and facilitated a huge primary burst (t = 3.4 h) of ultrafine 371 
particles from the ozone reactions. The surface area concentration then increased until about t = 6.0 h due 372 
to particle generation and growth. Then, from t = 6.0 h to t = 7.5 h, the surface area concentration 373 
decreased, which probably led to the secondary burst of particles by nucleation at t = 7.2 h since 374 
insufficient surface area was available for particle growth by condensation. Finally the particle number 375 
and area concentrations decayed till the end of the experiment, probably due to a reduction in ozone-376 
initiated particle generations because of depletion of skin oils from the T-shirt. 377 

 378 
Fig. S1. Particle number and surface area concentrations in Case 3 379 

 Figure S2 compares the surface area concentrations in Cases 3 (12% RH) with that in Case 5 380 
(44% RH). The particle surface areas were much higher in Case 5 probably due to hygroscopic growth of 381 
particles at high humidity conditions. The high surface areas in Case 5 favored condensation over 382 
nucleation and reduced the secondary burst of particles in Case 5 compared to that in Case 3 as shown in 383 
Figure 6(a). 384 
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 385 
Fig. S2. Effect of relative humidity on the particle surface area concentration 386 

Effect of T-shirt soiling 387 

Initially, the exhaust particle number and mass concentrations with the 2-hour soiled T-shirt in 388 
Case 6 were higher than those with the 12-hour soiled T-shirt in Case 7 because of the high inlet 389 
concentrations as shown in Figures S3(a) and (b). From t = 2.0 - 3.5 h, the exhaust concentrations in Case 390 
6 further increased because of an increase in the inlet particle concentrations. For t > 3.5 h the exhaust 391 
concentrations continued to increase, but not the inlet concentrations. This indicates that the particles 392 
were generated from the ozone reactions in Case 6 because the ozone was injected at t = 2.5 h. Since the 393 
inlet particle concentrations for Case 7 were relatively stable and small, it is much easier to see particle 394 
generation from the ozone reaction after the ozone was injected at t > 2.5 h. 395 

After ozone injection, the particle number concentration in Case 7 was significantly higher than 396 
that in Case 6 because of low background particle concentrations as shown in Figure S3(a). However, the 397 
particle mass generation in Case 7 was lower than that in Case 6 as shown in Figure S3(b), probably 398 
because the 2-hour soiling level was sufficiently high for the reaction. 399 

 400 
Fig. S3. Effect of the soiling level of the T-shirt by skin oils on (a) ozone-initiated particle number 401 
generation and (b) ozone-initiated particle mass generation 402 
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Figures S4(a) and (b) show the particle number and mass concentrations, respectively, at the inlet 403 
and exhaust for the two cases with different human subjects. The particle number generation was higher 404 
in Case 7 (male subject) than that in Case 8 (female subject), but the particle mass generations were 405 
approximately equal. Those results were previously discussed in the paper. 406 

 407 
Fig. S4. Effect of T-shirt wearing by different human subjects on (a) ozone-initiated particle number 408 
generation and (b) ozone-initiated particle mass generation 409 

Ozone-initiated particle generations under typical building conditions 410 

Figure S5 shows the ozone-initiated particle generations under typical building conditions on a 411 
poor air quality day. It is clear that significant particle generations were observed despite the ozone 412 
concentration being only 22 ppb. 413 

 414 
Fig. S5. Ozone-initiated particle number generation under a typical building condition on a poor air 415 
quality day 416 

Exposure to ozone-initiated ultrafine particles in building conditions 417 

We analyzed the contributions of ozone-initiated particle generation in realistic indoor conditions. 418 
It was assumed that the particle number concentration reaches steady state (as seen in Figure S5), the 419 
chamber air was well mixed, and deposition was negligible, then: 420 
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 S×A = Q×(Nexhaust – Ninlet) (S1) 

where S is the particle number generation per unit time per unit area of the human surface; A the area of 421 
the T-shirt; Q the outdoor airflow rate to the chamber; and Ninlet and Nexhaust the particle number 422 
concentrations at inlet and exhaust, respectively. 423 

For Case 12 that corresponded to a typical building condition on a poor air quality day (22 ppb 424 
ozone and 0.5 ACH outdoor air change rate): 425 

A = 0.9 m2, Q = 2.55 m3/h, Ninlet ≈ 0, and Nexhaust ≈ 600 #/cm3 426 

⇒ S = 472222 #/m2-s (from Eq. S(1)) 427 

Next, we estimated the particle generation from the ozone reaction with human surfaces for a full-428 
scale building environment by assuming that conditions for Case 12 were applicable. It was further 429 
assumed that the building is occupied by M occupants and each occupant contributes an area of 1.7 m2 430 
(total area = 1.7×M m2) for the ozone reactions. From Eq. (S1): 431 

 S×A = Q×(Nexhaust – Ninlet)  
 ⇒ S×1.7×M = M×Rp×(Nexhaust – Ninlet)  
 ⇒ (Nexhaust – Ninlet) = ΔN = (S×1.7)/Rp (S2) 

where ΔN is the increase in particle number concentrations due to the ozone reactions and Rp is the 432 
outdoor airflow rate per person. We used Eq. (S2) to calculate ΔN = 80 – 160 #/cm3 for Rp between 5 - 10 433 
L/s. 434 

 435 


