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A T M O S P H E R I C  S C I E N C E

Chemistry and human exposure implications 
of secondary organic aerosol production from  
indoor terpene ozonolysis
Colleen Marciel F. Rosales1†, Jinglin Jiang2,3, Ahmad Lahib1,4, Brandon P. Bottorff5,  
Emily K. Reidy5, Vinay Kumar1, Antonios Tasoglou6, Heinz Huber6,7, Sebastien Dusanter4, 
Alexandre Tomas4, Brandon E. Boor2,3*, Philip S. Stevens1,5*

Surface cleaning using commercial disinfectants, which has recently increased during the coronavirus dis-
ease 2019 pandemic, can generate secondary indoor pollutants both in gas and aerosol phases. It can also 
affect indoor air quality and health, especially for workers repeatedly exposed to disinfectants. Here, we 
cleaned the floor of a mechanically ventilated office room using a commercial cleaner while concurrently mea-
suring gas-phase precursors, oxidants, radicals, secondary oxidation products, and aerosols in real-time; these 
were detected within minutes after cleaner application. During cleaning, indoor monoterpene concentrations 
exceeded outdoor concentrations by two orders of magnitude, increasing the rate of ozonolysis under low 
(<10 ppb) ozone levels. High number concentrations of freshly nucleated sub–10-nm particles (≥105 cm−3) 
resulted in respiratory tract deposited dose rates comparable to or exceeding that of inhalation of vehicle-
associated aerosols.

INTRODUCTION
Atmospheric particle pollution is understood to result from either 
primary (direct) emissions such as from combustion (1, 2) or from 
secondary chemical formation through the oxidation of volatile 
organic compounds (VOCs) (3–5). The latter requires an under-
standing of the chemical mechanisms of numerous gas-phase organic 
and inorganic reactions. Previous indoor studies have shown that, 
in addition to human-induced resuspension of dust (6), both pri-
mary emissions and secondary chemical formation can also be 
important sources of indoor particles (7–16). In contrast to the 
outdoor environment, indoor new particle formation (NPF) is 
inherently influenced by building-related factors, such as (i) venti-
lation conditions; (ii) air cleaning and filtration; (iii) high surface 
area–to–volume ratios; (iv) the abundance of surfaces that serve as 
sinks, sources, or media for heterogeneous chemistry for particles and 
reactive gases; and (v) nonphotolytic radical sources (7–10, 17–19). 
The indoor environment is highly dynamic and easily perturbed by 
human activities and occupancy patterns. Indoor NPF events can 
occur at time scales shorter than that of the outdoors (e.g., seconds to 
minutes rather than hours) and are thus less likely to achieve steady-
state concentrations for extended periods.

One perturbation that humans introduce to the indoor environ-
ment is the use of household cleaning and disinfection products, 

some of which have “natural” scents, such as citrus or pine. These 
products are important sources of VOCs indoors. Limonene, a 
monoterpene, is a commonly used chemical in household cleaning 
products because of its citrus scent, high capacity as a solvent to 
hold dirt, high versatility and applicability to different surfaces, and 
pesticidal properties (20). Consequently, it has been found in indoor 
air at concentrations ranging from 20 to 50 g m−3 [~4 to 9 parts per 
billion (ppb)] in residential buildings (21) and peaking at over 
70 g m−3 (~13 ppb) during cleaning episodes (7). As primary 
emissions, cleaning-associated VOCs may cause sensory irritation, 
headaches, damage to organs, or cancer (22).

VOCs emitted by household cleaning products may be oxidized 
by indoor oxidants, such as ozone (O3), or radicals, such as hydroxyl 
(OH), nitrate (NO3), or chlorine (Cl) (17–19, 23), although indoor 
VOC oxidation is dominated by O3 and OH (18, 19). These reac-
tions can lead to the formation of peroxides, alcohols, carbonyls, 
carboxylic acids, and other low-volatility, highly oxidized organic 
compounds (5, 18) that can nucleate, accumulate, and grow a class 
of particles called secondary organic aerosol (SOA). Indoors, O3 
mostly reacts with terpenes (e.g., limonene, one of the most reactive 
terpenes with O3), terpenoids, squalene, and unsaturated fatty acids 
found in skin oil and cooking oils (24, 25). Meanwhile, OH reacts 
with a variety of VOCs, including terpenes (limonene and others), 
alcohols, aldehydes, and aromatics (19). While indoor VOCs may be 
present because of building material emissions during noncleaning 
periods, the use of household cleaners may further increase VOC 
concentrations (11) to levels comparable to, or greater than, envi-
ronments where SOA formation induced either by ozonolysis or 
oxidation by OH radicals has been observed (3).

While it is well established that the ozonolysis of monoterpenes 
leads to the production of atmospheric SOA (3), ozonolysis-initiated 
indoor SOA formation is not often seen as a dominant indoor 
particle source, as the indoor environment is typically insulated 
from outdoor O3 because of O3 losses to the surfaces of ventilation 
systems, building envelope components, interior walls and furnishings, 
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human skin, and clothing (26). Indoor SOA formation and the 
associated mass loading of secondary particles apparently resulting 
from the oxidation of limonene by O3 have been observed in 
reaction chambers emulating indoor conditions (8, 9, 11, 12), in a 
real room with O3 from outdoor air reacting with either pure limonene 
(16,  17) or a commercial cleaning product (7,  13,  16) evaporated 
into the room, in a real room where O3 was generated by an indoor 
air purifier during a cleaning episode (7), from peeling an orange in an 
enclosed room and in a museum gallery (14, 27), and with limonene 
exposure to other household cleaning products containing HOCl 
and Cl2 (e.g., bleach) (23). A few monoterpene oxidation reactions 
that are suspected to lead to SOA formation indoors have been 
parameterized on the basis of building air exchange rates (AERs) to 
improve the prediction of indoor SOA mass concentrations (10). In 
addition, previous modeling studies coupled with chamber (4) and 
flow reactor (3, 5) studies have elucidated gas-phase oxidation 
products from limonene ozonolysis.

However, real-time, simultaneous observations under realistic 
indoor conditions that show SOA formation and growth from these 
secondary oxidation products have been sparse (7, 11, 13). In addi-
tion, distinguishing indoor NPF from primary particle emissions 
and prediction of NPF events remain challenging because of the 
lack of information on gas-particle partitioning (18) and measure-
ments of gas-phase intermediates, such as low-volatility organics 
and radicals. Moreover, indoor measurements of radical inter-
mediates have not been directly associated with indoor SOA 
formation. While there have been a few measurements of indoor 
radical concentrations, including OH and HO2 concentrations 
during cleaning episodes (28) or in unoccupied classrooms (29, 30), 
we present here the first measurements that track the formation of 
indoor OH, HO2, and RO2 radicals and secondary oxidation prod-
ucts from the ozonolysis of monoterpenes and monoterpenoids and 
the subsequent rapid formation of nanoparticles during an indoor 
mopping event.

A commercial monoterpene-based household cleaner was used 
to mop and wipe surfaces inside an enclosed, mechanically ventilated 

test room in a research building in a forested area for 12 to 14 min 
to emulate real cleaning conditions. OH and peroxy (HO2 and RO2) 
radicals were measured together with VOCs, including monoterpenes, 
monoterpenoids, gas-phase secondary oxidation products, O3, 
and NOx (NO and NO2). Particle number size distributions were 
measured using a suite of aerosol instrumentation that cover 
particle diameters from 1.2 to 10,000 nm, encompassing the nano-
cluster (1.2 to 3 nm), nucleation (3 to 10 nm), Aitken (10 to 100 nm), 
accumulation (100 to 2500 nm), and coarse (2500 to 10,000 nm) 
modes. The influence of photolytic oxidant sources was deter-
mined by performing the cleaning events under both direct and 
indirect sunlight conditions. Measured radicals and gas-phase 
products were then compared to predicted concentrations using 
an established modeling framework. SOA mass concentrations 
were predicted using a single-zone mass balance approach to com-
pare to concentrations measured during the mopping episodes. 
Furthermore, to assess human inhalation exposure and dose for the 
newly formed particles, size-resolved respiratory tract deposited dose 
rates (RTDDRs) were analyzed for the mopping events and suggest 
that indoor SOA production due to monoterpene ozonolysis during 
mopping may lead to dose rates greater than, or comparable to, 
what one would receive outdoors in urban environments.

RESULTS
Indoor observations of the rapid formation of peroxy 
radicals and NPF following episodic monoterpene  
emissions during mopping events
A simplified chemical reaction scheme for the oxidation of VOCs is 
shown in Fig. 1. Direct (primary) emissions of VOCs were observed 
using a proton transfer reaction time-of-flight mass spectrometer 
(PTR-ToF-MS) during two mopping periods and are shown in 
Figs. 2A and 3A. Monoterpene concentrations are expressed as a sum 
of the signals detected at mass/charge ratio (m/z) 81 and m/z 137, 
which represent a known fragment (C6H9)+ and the protonated mass 
(C10H16)H+, respectively, and can be from a variety of monoterpenes 

Fig. 1. Simplified scheme for VOC ozonolysis and radical cycling leading to indoor SOA formation. Letters in red circles correspond to panel labels in Fig. 2, letters 
in blue circles correspond to panel labels in Fig. 3, letters in green circles correspond to panel labels in Fig. 4, and numbers in gray circles correspond to figure numbers in 
the Supplementary Materials. HOMs, highly oxygenated organic molecules; NCA, nanocluster aerosol; OVOC, oxygenated VOC; hv, light.
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(- and -pinene, limonene, camphene, myrcene, and 3-carene, 
among others) (31). Analysis by gas chromatography–electron 
ionization mass spectrometry (GC-MS) revealed that the liquid 
cleaning solution is composed of a mixture of various monoterpenes, 
including limonene, -pinene, -pinene, and camphene (table S1). 
C10H16O, possibly citral, is shown as m/z 153 in Fig. 2A. Citral, 
an aldehyde with a citrus odor, has been previously found as a 
component of other commercial cleaning products (28). C10H16O, 
along with C10H18O, can also be C10 alcohols, like -terpineol, 
isoborneol, and myrcenol (isomers with molecular formula C10H18O) 
because C10 alcohols were also listed as ingredients in the commercial 
product and were detected in the GC-MS analysis. Mixing ratios of 
these C10 compounds are shown in Fig. 3A and fig. S6A.

During the first and second mopping periods, monoterpene 
mixing ratios peaked at 280 and 380 ppb, respectively (Fig. 2A); this 
is 140 to 190 times more than the peak outdoor monoterpene 
mixing ratios observed outside the research building for this day 
(~2 ppb). While indoor mixing ratios depend on a variety of factors, 
including the AER, cleaning solution concentrations, and cleaning 
surface area, the limonene mixing ratios observed in this study were 
approximately 1.3 to 2.2 times more than a lemon-scented furniture 
polish (wax) application to a coffee table inside a 25-m3 chamber 
(15), about 1.8 to 2.4 times more than the peak limonene concentra-
tion from a household product used in a 50-m3 chamber (11), 
approximately 20 times more than the peak indoor mixing ratios 
previously observed in an Australian classroom (~17 ppb) (13), 

Fig. 2. Measured chemical species during the cleaning experiments. (A) Primary VOC emissions, (B) ozone, (C) HO2 and RO2 radicals, (D) selected oxidation products, 
(E) particle number size distribution, and (F) size-integrated particle number concentrations. Gray shading corresponds to active periods of mopping and wiping during 
the cleaning events. The magenta line corresponds to a CO2 injection, which was done to estimate the AER of the room. The particle diameter from 1.2 to 2.5 nm is the 
activation diameter measured by the nano Condensation Nucleus Counter (nCNC), and the particle diameter from 2.5 to 100 nm is the electrical mobility diameter measured 
by the Scanning Mobility Particle Sizer (SMPS) and NanoScan SMPS.

D
ow

nloaded from
 https://w

w
w

.science.org on February 25, 2022



Rosales et al., Sci. Adv. 8, eabj9156 (2022)     25 February 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 16

3.7 to 5 times more than monoterpene emissions from botanical 
disinfectants sprayed onto a glass kitchen countertop (32), and 
about 56 to 76 times more than the peak mixing ratios observed 
during the HOMEChem field campaign (~5 ppb) (33), where simi-
lar mopping experiments using a monoterpene-based cleaner 
were done. The volume of the HOMEChem test house was larger 
(250 m3) as compared to the room used in this study (~50 m3); thus, 
the emissions from the mopping events dispersed into a larger 
volume, resulting in lower concentrations during the mopping 
episode. Concomitantly, indoor O3 decreased to less than 1 ppb 
during the mopping event, from initial background concentrations 
of about 5 and 10 ppb for the first and second mopping events, 
respectively (Fig. 2B). After the steep decline, indoor O3 concen-
trations slowly increased as a result of outdoor air introduction 
via mechanical ventilation. This contrasts with chamber SOA 
studies where O3 is usually in excess; these short bursts or “pulses” 
introduced by the mopping events are similar to a rapid injection 

of VOCs in chamber studies but within a more realistic indoor 
scenario, i.e., a real room with mechanical ventilation in an occupied  
building.

Other compounds known in the ambient environment that 
can be oxidized leading to SOA formation, such as isoprene and 
sesquiterpenes, were also detected. Background isoprene (m/z 69) and 
a lower limit to sesquiterpene (m/z 205, parent ion only) mixing 
ratios in the room were about 7 and 0.2 ppb, respectively. During 
the first mopping event, they increased to 13 and 0.8 ppb, respec-
tively; for the second mopping event, they increased to 19 and 1 ppb, 
respectively. Isoprene likely originated from the exhaled breath of 
the person mopping (34) or from the ambient forest environment, 
where isoprene was previously observed to be on the order of 1 to 
4 ppb (35). On the other hand, the sesquiterpenes were likely emitted 
directly from the cleaning product, which contained pine oil (36). 
While these compounds are also known to be SOA precursors, indoor 
oxidants (O3 and OH) are most likely to react with limonene and 

Fig. 3. Gas-phase secondary oxidation products observed via PTR-ToF-MS measurements. Gray shading corresponds to active periods of mopping and wiping 
during the cleaning events. Primary monoterpene and monoterpenoid emissions (A), most likely composed of limonene, -pinene, -pinene, and camphene (table 
S1), which cannot be differentiated using PTR-ToF-MS. Other gas-phase species in (B) to (D) were observed to have a slight delay in the appearance of their peaks, with 
respect to the mopping period and monoterpene peak, which is indicative of being a product of secondary chemical processes. Possible structures of the oxidation 
products are shown in table S2. Chemical pathways leading to secondary oxidation products in (B) to (D) are shown in figs. S3 and S4.
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other monoterpenes and form peroxy radicals and particles because of 
their much higher abundance relative to isoprene and sesquiterpenes.

Figure 2C shows the subsequent increase in the HO2 and RO2 
radical concentrations after the mopping event, peaking near 2 × 109 
to 3  ×  109 molecules cm−3, higher than the maximum total 
HO2 + RO2 concentration of approximately 1 × 109 molecules cm−3 
previously measured in the outdoor forested area of the research 
building where the test room was located (37). In addition, the 
observed HO2 concentration was about two orders of magnitude 
higher than that measured in an unoccupied classroom in Marseille, 
France, where the HO2 concentration was reported to be 0.6 × 107 
to 3.7 × 107 molecules cm−3 (29). While this is not the first time that 
these radicals have been measured indoors, it is the first time that 
concentrations of HO2 and RO2 have been measured as a result of 
O3/terpene chemistry using a commercial cleaner in an indoor 
setting. The increase in radical concentrations did not correlate 
with changes in the amount of direct sunlight to the room, as repre-
sented by the measurements of the NO2 photolysis frequency, JNO2 
(fig. S2). Rather, HO2 and RO2 concentrations during the mopping 
events increased as the monoterpene concentrations increased and 
the O3 concentration decreased, suggesting that the radical concen-
trations were not derived from photolysis but produced solely from 
monoterpene ozonolysis. While the measured concentration of 
HO2 radicals was similar during the two mopping events, the concen-
tration of RO2 radicals was greater during the second mopping event, 
consistent with the higher concentration of both monoterpenes and 
O3 during this event. During the mopping events, 5 to 10 ppb of O3 
were sufficient to induce indoor SOA formation from ozonolysis 
(Fig. 2, E and F), notably less O3 than previously reported to induce 
SOA either in a reaction chamber or under indoor-relevant conditions 
(4, 7, 8, 12, 13, 17). Similar results were observed by Pagonis et al. 
(27) who found that a comparable level of O3 (approximately 5 ppb) 
was enough to induce SOA formation from the ozonolysis of limonene 
emitted by peeling a navel orange inside a university art museum.

Gas-phase oxidation products were also observed immediately 
after the mopping period, and select products are shown in Figs. 2D 
and 3. Previous work, such as that of Leungsakul et al. (4), used a 
combination of modeling and chamber measurements to outline a 
semiexplicit mechanism of limonene and have identified limonalde-
hyde and limononic acid as major products of gas-phase ozonolysis. 
Similarly, Hammes et al. (5) used a high-resolution time-of-flight 
chemical ionization mass spectrometer with a filter inlet for gases 
and aerosols to determine that carboxylic acids dominate the 
gas-phase products from limonene ozonolysis. In the current 
work, Fig. 2D shows the real-time increase in C10H16O2 (possibly 
limonaldehyde, from limonene oxidation; pinonaldehyde, from 
-pinene oxidation; or a mixture of both; see table S2, labels 3A and 3B), 
C10H16O4 (possibly a highly oxidized carboxylic acid; see table S2, 
label 1A), and C9H14O4 [possibly limonic acid, ketolimononic 
acid, or another highly oxygenated organic molecule (HOM); see 
table S2, labels 5A to 5D] as detected by PTR-ToF-MS. Figure 3 (B to D) 
includes other highly oxidized, next-generation oxidation products 
(see ozonolysis mechanisms in figs. S3 and S4). A delay relative to 
the monoterpene trace in the increase and maxima of these oxida-
tion products was observed, emphasizing their later emergence in 
the gas phase as secondary oxidation products resulting from 
monoterpene ozonolysis. On the other hand, while the decrease in 
the concentration of these oxidation products may be attributed to 
physical processes, such as air exchange, deposition, or gas-particle 

partitioning, some fraction of these gas-phase oxidation products may 
have undergone next-generation oxidation (Fig. 3, B to D) to yield 
HOMs that ultimately led to the observed indoor NPF events.

Indoor NPF was observed immediately after the formation of 
radicals and gas-phase oxidation products, as evidenced by the slight 
delay in the increase of particle number concentrations (Fig. 2, C to F). 
Here, we report the first direct measurements of the nucleation of 
sub–3-nm nanocluster aerosol (NCA) due to indoor monoterpene 
ozonolysis initiated using a terpene-based cleaner. Indoor NCA 
number concentrations increased rapidly to ~105 cm−3 (Fig. 2F) and 
dominated the particle number size distributions during the first few 
minutes of the NPF event (Fig. 2E). The observed NCA number con-
centrations were generally similar to, or greater than, those reported 
during atmospheric NPF events in field and chamber studies (38).

The peak number concentration of the newly formed sub–3-nm 
particles was 0.91 × 105 and 5.76 × 105 cm−3 during the first and 
second mopping episodes, high enough to grow rapidly into the 
nucleation and Aitken modes via condensation and coagulation, 
approaching modal diameters of approximately 30 nm in about 
10 min after the start of the mopping period. This suggests particle 
growth rates of approximately 200 nm hour−1, which is one to two 
orders of magnitude higher than those reported for typical atmo-
spheric NPF events under different conditions but similar to selected 
observations reported in coastal areas (39). Sub–100-nm ultrafine 
particle number concentrations were sustained at around 105 cm−3 
for the duration of the mopping events, which is similar to observa-
tions made during indoor combustion activities, such as cooking on 
a gas stove or lighting a candle (2), and outdoors in a traffic-impacted 
area (40). Peak number concentrations were higher by approximately 
an order of magnitude than previously observed in a similar indoor 
mopping experiment by Morawska et al. (13), possibly owing to a 
smaller room (140 m3 versus 50 m3 in this study) and measurement 
of particles down to 1.2 nm. The ozonolysis of skin oil has also been 
observed to initiate the formation of NCA in indoor environments 
(41). As one human volunteer was present during the cleaning 
episode, skin oil ozonolysis may have contributed to the measured 
NCA number concentrations. However, the contribution is expected 
to be small during cleaning-initiated monoterpene ozonolysis as the 
NCA number concentrations observed by Yang et al. (41) during skin 
oil ozonolysis in the presence of four human volunteers (~1 × 102 to 
5 × 102 cm−3 for 35 to 40 ppb of O3 at an AER of 3.2 hour−1) are 
much lower than those measured here (~105 cm−3).

The estimated aerosol mass fractions (AMFs) ranged from 0.31 
to 0.88 for limonene and 0.17 to 0.24 for -pinene (see the “Materials 
and Methods: Single-zone mass balance model for predicting SOA 
mass concentrations” section), which are within the range reported 
in chamber studies for terpene ozonolysis (42). Moreover, peak mass 
concentrations (for the 1.2 to 500 nm size range) were very close to 
the U.S. Environmental Protection Agency 24-hour guideline value 
for a particle pollution of 35 g m−3. The newly formed sub–100-nm 
particles that contribute little to particle mass, but dominate particle 
number, may be more health relevant because of their high efficiency 
of deposition in all regions of the respiratory system (fig. S8) and 
their propensity to penetrate to the deepest regions of the lung (see 
the “Human exposure implications of monoterpene ozonolysis 
during mopping” section).

It should be noted that in the current study, the AER was 
4.5 hour−1, approximately four times higher than in the study of 
Morawska et al. (13), showing that aerosol formation is rapid 
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enough that even a high AER in a small room is not sufficient to 
flush out secondary aerosols and their precursors or outweigh the 
rate of in situ particle nucleation and growth via condensation and 
coagulation. The current study room, while three times less in 
volume than the previously studied classroom, is similar to a typical 
office (43). The fourfold increase in AER was not able to compen-
sate for the much faster rate of aerosol formation. This illustrates 
the tremendous aerosol formation capacity of high concentrations 
of monoterpenes and monoterpenoids in mechanically ventilated in-
door environments during floor cleaning activities (Fig. 2, E and F).

Figure 3 illustrates other gas-phase oxidation products detected 
using the PTR-ToF-MS. Notably, these highly oxygenated products 
were present in the few parts per billion range (i.e., 0.1 to 1 ppb). 
Possible structures of these compounds are detailed in table S2. This 
list is not exhaustive; it only shows possible structures for oxygenated 
species that might have come from the oxidation of -pinene, 
-pinene, and limonene and that were detected by the PTR-ToF-MS.

Background concentrations during nonmopping events
During nonmopping periods, background monoterpene concen-
trations were approximately 10 ppb, generally higher than that 
usually measured outdoors either in forested (44) or urban (45) 
areas. The exact identities of these monoterpenes are unknown, 
but previous studies have shown - and -pinene to be dominant 
monoterpenes in the surrounding forest (35) and thus may have 
influenced the indoor VOC composition via mechanical ventilation of 
outdoor air. It is also possible that there were indoor monoterpene 
sources within the building, such as wood waxes or polishes, or 
surfaces (wooden or otherwise) that off-gas into the recirculated air 
in the building, resulting in a background concentration.

O3 concentrations continuously increased throughout the morning, 
starting from 5 ppb and increasing to 10 ppb around 13:00 (Fig. 2B). 
This range of O3 concentrations is not unusual in enclosed indoor 
environments with natural ventilation (7, 17, 33). There were no 
known indoor O3 sources inside the test room at the time of 
mopping, and thus, it is believed to predominantly have come from 
outdoor air via mechanical ventilation. The increasing upward 
diurnal trend is likely mirroring the diurnal trend in the outdoor 
O3 concentration measured previously at this site [approximately 
10 ppb at 09:00 and 45 ppb at 13:00 (35)]. The measured mixing 
ratios of O3 and NOx were consistent with background measure-
ments in other indoor environments (33).

Significant background concentrations of HO2 and RO2 radicals 
(~108 molecules cm−3) were measured, similar to the ambient 
concentrations observed previously in the surrounding forest (35). 
They were most likely produced in situ, given that the background 
concentrations of 1 to 2 ppb of NO (fig. S2) result in peroxy radical 
chemical lifetimes of less than 5 s, and thus less likely introduced to 
the room via the mechanical ventilation system. Production of HO2 
and RO2 may have come from background monoterpene concen-
trations oxidized by background O3, subsequently producing both 
RO2 and OH radicals. The latter can also oxidize VOCs as shown in 
Fig. 1 and thus produce more RO2 and, subsequently, HO2.

Nonzero background particle concentrations were most likely due 
to the transport of outdoor particles to the indoor environment 
via mechanical ventilation. The air handling unit (AHU) of the 
ventilation system included a minimum efficiency reporting value 
8 filter, which generally has a low particle removal efficiency for 
sub–1000-nm particles (46). Thus, a significant fraction of outdoor 

particles entrained into the AHU were likely delivered to the test room 
during the experiments. To account for this entrainment of outdoor 
particles and other non-SOA–related sources, we introduced a source 
term Sg into the SOA model (see Materials and Methods).

Although in situ SOA formation from background O3 and 
monoterpene concentrations may be possible, there was a low 
background concentration of sub–10-nm particles. The number 
concentrations of 1.2- to 10-nm particles were approximately 
102 cm−3 during background periods. In addition, because the ini-
tial concentration of background monoterpenes was low, the rate 
of ozonolysis was slower, and thus, the production of low-volatility 
oxygenated products was slower, favoring condensation onto 
preexisting particles rather than nucleation. Moreover, because the 
rate of the ozonolysis reaction was slower, losses of low-volatility 
compounds to indoor surfaces could become more important. This 
has been previously observed in chamber studies (42). While higher 
than that measured in other indoor environments (7, 17, 33), it is 
unlikely that the background concentrations of monoterpenes in 
this study affected the radical production and NPF observed during 
the mopping events.

DISCUSSION
SOA formation in low-O3, high-VOC/AER small-volume 
indoor environments
As demonstrated in this study, the transport of outdoor O3 to the 
indoor environment via a mechanical ventilation system results in 
background indoor O3 concentrations, albeit being only a few parts 
per billion, that are still capable of driving indoor SOA formation. 
This is due, in part, to the high-VOC environment that is created 
during the active use of monoterpene-based cleaning products. As 
observed in Fig. 2, the sudden and pronounced increase in indoor 
monoterpene concentrations during mopping results in substantial 
NPF. Low-O3, high-VOC indoor environments with high AERs, such 
as that established in the test room, can produce particle number 
concentrations similar to levels observed in traffic-affected outdoor 
areas, suggesting that custodial staff and people who clean frequently 
could be exposed to elevated particle concentrations even during 
brief cleaning periods indoors. This is further evidenced by the cal-
culated respiratory tract deposited dose of SOA for humans during 
short mopping periods (discussed further in the “Human exposure 
implications of monoterpene ozonolysis during mopping” section). 
Also, the rapid formation of the particles in a small-volume indoor 
space (~50 m3), albeit an AER 4.5 times higher than usual residential 
dwellings, may be indicative of the aerosol formation potential of 
individual offices, small apartments, or home microenvironments, 
such as individual kitchens, bedrooms, or bathrooms.

While residential dwellings may have a lower outdoor AER leading 
to lower indoor O3 levels, the lower AER may lead to increased 
concentrations of reactive emissions during mopping episodes. 
An increased concentration of reactive emissions could offset the 
decrease in O3 in the rate of ozonolysis and subsequent production 
of radicals and low-volatility oxygenated products (e.g., HOMs). 
If the production of HOMs were to change, then so would particle 
nucleation and growth rates, which tend to scale with HOM con-
centrations (47, 48). Following the initial nucleation burst, lower 
AERs may affect the temporal evolution in the resulting SOA 
number size distributions (Fig. 2E). Patel et al. (49) found lower 
AERs to increase the coagulation rate of sub–10-nm particles, 
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thereby reducing their number concentrations, while increasing 
those of particles larger than 10 nm. Thus, under these conditions, 
NCA number concentrations may decay more rapidly than that 
observed in Fig. 2F. Last, if other indoor aerosol sources are present, 
then preexisting particle surface area concentrations will tend to 
increase as the AER is reduced. This will increase the condensation 
and coagulation sink of the preexisting particle population, which 
can enhance scavenging of low-volatility species and NCA, respec-
tively, during the initial steps of the NPF event (50). Additional 
monoterpene ozonolysis experiments under varying building venti-
lation conditions will be needed to fully elucidate the role of the 
AER on indoor radical and SOA production.

Comparison of measurements to model predictions
Model predictions of OH, HO2, and RO2 concentrations
Figure 4 (A to C) shows the measured concentrations of OH, HO2, and 
RO2 radicals with concentrations predicted by the Master Chemical 
Mechanism (MCM version 3.3.1) for the ozonolysis of limonene 
and - and -pinene during the mopping events. Here, it is assumed 
that the composition of the monoterpene emissions is similar to that 
found in the cleaner (details described in Materials and Methods). 
While the OH measurements required signal averaging of approxi-
mately 1 hour to obtain values above the detection limit of the 
instrument, the observed values of 0.6 × 106 to 1.1 × 106 molecules 
cm−3 agreed with the model predictions within the measurement 
uncertainty and precision (Fig. 3A). HO2 radical concentrations were 
both predicted and measured to be similar during both mopping 

periods, confirming the small impact of photolytic processes on 
radical concentrations given the difference in sunlight exposure 
during the two events. While the measured RO2 radical concentra-
tions were in good agreement with the model predictions, the model 
underestimated the measured HO2 concentrations by approximately 
a factor of 2, although the results were within the combined calibra-
tion uncertainty of the measurements [38%, 2 (35)] and the esti-
mated uncertainty of the model [30% (35, 51)].

Differences in the timing of the measurements and the model 
are likely due to the time resolution of the instrument, as it alternates 
between measurements of HO2 and RO2 concentrations. The sys-
tematic difference between the measured and modeled HO2 radical 
concentrations may suggest either a possible missing source of 
HO2, additional recycling processes that are not accounted for in 
the MCM model, potential RO2 interferences with the HO2 mea-
surements, or that the propagation rates converting RO2 radicals to 
HO2 (Fig. 1) may be underestimated in the model. The RO2-to-HO2 
ratio can be used as a measure of the interconversion of peroxy 
radicals, and the measured and modeled RO2-to-HO2 ratios are 
shown in fig. S5. The model tends to overestimate the measured 
ratio by a factor of 2 to 3 during the mopping episodes, as well as 
during most of the background periods, suggesting that the model 
may be underestimating the rate of conversion of RO2 to HO2 in the 
ozonolysis mechanism both during the mopping and when con-
strained by the background concentrations. A recent theoretical 
study suggests that the peroxy radicals formed from the ozonolysis 
of limonene can undergo unimolecular reactions at rates fast 

Fig. 4. Measurements and model predictions. (A) OH, (B) RO2, (C) HO2 radical, and (D) possible oxidation product (limonaldehyde, C10H16O2) concentrations, and 
(E) size-integrated particle mass concentrations (1.2 to 500 nm) based on monoterpene, O3, and NOx concentrations and NO2 photolysis frequencies. Gray shading 
corresponds to active periods of mopping and wiping during the cleaning events. OH, HO2, and RO2 are compared to measured radical concentrations; OH values are 
close to the limit of detection and are shown here as 1-hour averages. Error bars shown are 1 for OH and 2 for HO2 and RO2. In (D), a pseudo first-order rate constant of 
k = 0.052 s−1 was taken to be representative of the loss to room walls and surfaces. In (E), a constant source rate of 18 g m−3 hour−1 was considered. For the low-O3 model, 
O3 concentrations were divided 16-fold to reach a maximum concentration of 0.6 ppb. For the higher-AER model, the AER was increased to 24 hour−1.
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enough to compete with reactions with NO under typical indoor 
conditions (52). This is further supported by the experimental study 
of Pagonis et al. (27) in a university art museum, where measure-
ments of indoor HOM production from limonene ozonolysis sug-
gested that unimolecular isomerization was an important fate of RO2 
radicals under the low-NO conditions of this study.

In addition to leading to HOMs that can enhance SOA forma-
tion and growth, peroxy radical isomerization reactions could affect 
the propagation of RO2 radicals to HO2, reducing the RO2-to-HO2 
ratio. It is not clear whether these RO2 isomerization reactions are 
occurring in the mopping episodes reported here, as the mixing 
ratios of NO were higher than that observed by Pagonis et al. (27) 
(fig. S2). The rapid reaction of NO with RO2 and HO2 radicals 
produced from the ozonolysis mechanism likely explains why the 
mixing ratios of NO and NO2 do not change as ozone decreases 
during the mopping episodes. While one might expect the concen-
tration of NO to increase as ozone decreases given that the titration 
of NO by O3 is rapid under these conditions, similar to that observed 
by Pagonis et al. (27), the decrease in the rate of NO + O3 is likely 
offset by the increase in the reaction of NO with the elevated 
concentrations of RO2 and HO2 radicals, effectively buffering the NO 
(and NO2) concentrations during the mopping episode. Additional 
measurements and modeling of these radicals under a range of NO 
concentrations are needed to fully test current mechanisms of indoor 
limonene ozonolysis.
Model predictions of gas-phase oxidation products from  
limonene ozonolysis
Figure 4D compares the modeled and measured next-generation 
oxidation product (possibly limonaldehyde, C10H16O2) that was 
detected in the gas phase with the PTR-ToF-MS during both mopping 
periods. This measured oxidation product can be taken as either 
limonaldehyde or pinonaldehyde or a combination of both. Incor-
porating a pseudo first-order heterogeneous loss onto room surfaces 
based on the uptake coefficient of pinonaldehyde (see Materials and 
Methods) improves the agreement of the model with the measure-
ments (Fig. 4). Inclusion of autoxidation reactions for peroxy radicals 
that do not lead to limonaldehyde production may also improve the 
model agreement with the measurements (27, 52). Another possible 
explanation for the difference between the measurements and the 
model is the unknown fragmentation patterns of many oxygenated 
products in the PTR-ToF-MS drift tube and sampling loss in the 
perfluoroalkoxy (PFA) tubing, the latter of which was not quanti-
fied. Here, only the mixing ratios of the parent ions of the gas-phase 
oxidation products are reported; thus, non-negligible fragmentation 
of limonaldehyde will result in measured mixing ratios that are 
less than the true values (sum of parent and fragment ions). Addi-
tional PTR-ToF-MS measurements and modeling studies are needed 
to resolve this discrepancy.
Predictions of indoor SOA mass concentrations
Figure 4E shows the measured size-integrated (1.2 to 500 nm) SOA 
mass concentrations with that predicted by the single-zone mass 
balance model incorporating the ozonolysis of limonene and - and 
-pinene, the dominant terpenes detected in an analysis of the 
composition of the cleaner (see Materials and Methods and Eq. 2). 
While the simple model reproduces the production of SOA during 
the mopping episodes, it underestimates the observed peak SOA 
mass concentrations during the second episode by approximately a 
factor of 2.5, with the ozonolysis of limonene being the dominant 
contributor to the modeled mass concentrations. The reason for the 

discrepancy between the model and measurements is unclear but is 
likely due to the complex composition of the cleaning solution, 
as several potentially reactive compounds detected in the GC-MS 
analysis were not included in the simple model, such as -terpineol, 
-ionone, and myrcenol. Together, the ozonolysis of all the reactive 
compounds in the complex mixture could contribute significantly 
to the SOA mass concentrations. Ammonia (NH3)–related particle 
growth, which is not accounted for in the model, may also contrib-
ute to the measured SOA mass concentrations (see the following 
section). Additional measurements and model simulations will be 
needed to fully characterize the individual contributions of the 
commercial cleaner to SOA formation.

While the current mass balance model can reasonably reproduce 
the measured SOA mass concentrations from monoterpene oxi-
dation in indoor settings (Fig. 4E), a time delay of about 10 min 
for the first and about 5 min for the second event is noticeable. 
Previous experiments by Vartiainen et al. (14) have shown a time 
delay of 70 s from the time an orange was peeled in a room filled 
with O3 before a concentration peak appeared for 3-, 7-, and 10-nm 
particles. Such a delay is likely due to a particle nucleation and 
growth phase period that is not reflected in the mass balance model. 
Notably, the formation of accumulation mode particles (100 to 
500 nm), which contributed 65 to 83% to the measured SOA mass 
concentrations during the first mopping episode and 75 to 93% 
during the second, does not occur concurrently with the sudden 
increase in monoterpene concentrations and depletion of O3. Rather, 
the indoor SOA mass in the accumulation mode is the result of par-
ticle growth beyond approximately 100 nm due to coagulation and 
condensation. As can be seen in Fig. 2E, the time evolution of the 
measured particle number size distributions into larger sizes takes 
several minutes, likely explaining the delay in timing of the peak 
SOA mass concentrations between the measurements and model 
output. SOA loss, largely driven by AER and deposition to in-
door surfaces, was observed to be greater than the SOA source; 
however, some SOA mass is still being formed in situ because of 
condensation of low-volatility gases onto accumulation mode 
particles and coagulation of accumulation mode particles with 
sub–100-nm particles.

Potential influence of human-associated emissions 
of ammonia and organic acids and outdoor sulfuric  
acid on indoor SOA production initiated by  
monoterpene ozonolysis
Ammonia (NH3) has been shown to affect the condensational 
growth of monoterpene SOA via acid-base chemistry (9). Ammonium 
salts formed from the acid-base neutralization reaction between 
NH3 and various organic acids can condense onto the newly formed 
SOA, promoting growth to larger sizes. As the limonene ozonolysis 
occurred in the presence of a human volunteer who performed the 
mopping sequence, human-associated emissions of NH3 and organic 
acids may contribute to the observed particle growth. In an indoor 
environment, adults are estimated to emit 0.6 mg hour−1 person−1 
of NH3 (53); this would amount to 2.8 and 2.4 g m−3 (4.0 and 
3.5 ppb) of NH3 emitted during the first and second mopping 
events, respectively. Concentrations of various organic acids known 
to be associated with exhaled breath, skin secretions, skin oil ozon
olysis, and the cleaning product itself exhibited notable increases 
during both mopping events (via PTR-ToF-MS; Fig. 3A and fig. S6). 
Thus, the abundance of NH3 and organic acids in the test room may 
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have contributed to acid-based chemistry capable of enhancing 
indoor SOA mass.

Gas-phase sulfuric acid (H2SO4) plays an important role in the 
initial steps of atmospheric particle nucleation and growth (54). 
Outdoor H2SO4 may have been introduced into the indoor environ-
ment of the test room via the mechanical ventilation system, 
analogous to the transport of outdoor O3 to indoor spaces. Outdoor 
H2SO4 has been measured previously at the field site with a diurnal 
average peak at 4 × 106 molecules cm−3 during the daytime and 
about 2 × 105 to 3 × 105 molecules cm−3 during nighttime (fig. S7). 
H2SO4 concentrations on the order of 105 to 106 molecules cm−3 
are within the range of those reported for field measurements of 
H2SO4-associated atmospheric NPF in forested environments (55). 
However, the extent to which H2SO4 concentrations are diminished 
because of loss processes during transport through the AHU re-
mains unknown. H2SO4 and NH3 have been shown to enhance 
multicomponent NPF through synergistic interactions with HOMs 
formed by the oxidation of isoprene and monoterpenes (56). 
Notably, particle nucleation rates tend to increase with NH3 concen-
trations for mixtures containing H2SO4 and HOMs (56). Therefore, 
the delivery of outdoor H2SO4 to the NH3-rich environment of the 
test room may have enhanced indoor NPF initiated by the ozonolysis 
of monoterpenes released from the cleaning product. Investigation 
into the contributions of human-associated emissions of NH3 and 
organic acids and outdoor H2SO4 on indoor SOA production is 
needed to further understand the mechanisms that govern NPF in 
occupied, mechanically ventilated indoor environments.

Human exposure implications of monoterpene  
ozonolysis during mopping
A multiphase inhalation exposure scenario during indoor mopping 
with a terpene-based cleaner in the presence of O3 is illustrated in 
Figs. 5 and 6. First, one is exposed to the primary VOC emissions 
from the cleaning product. As illustrated in Fig. 5A, the time-resolved 
inhalation intake rate for gas-phase monoterpenes approaches 30 to 
40 g min−1 shortly after initiation of the mopping sequence. For the 
duration of the active mopping period and subsequent concen-
tration decay (90 min), this equates to 560 to 720 g of inhaled 
gas-phase monoterpenes. Second, one is exposed to the indoor SOA 
formed in situ, starting from the freshly nucleated sub–3-nm NCA 
and continuing through its growth to larger sizes. Time-resolved 
and size-integrated inhalation intake rates for SOA (1.2 to 500 nm) 
were on the order of 109 to 1010 inhaled particles min−1 (number 
basis) and 0.1 to 0.7 g min−1 (mass basis) (Fig. 5B). Thus, one will 
inhale approximately 3.8 × 1010 to 1.8 × 1011 particles (3.0 to 7.5 g) 
over the duration of a 90-min indoor mopping event, with much of 
the inhalation intake occurring during the first few minutes of ac-
tive cleaning. The inhalation intake rates reported here are specific 
to the indoor environmental conditions under which the experi-
ments were conducted (i.e., mass of cleaning product applied and 
test room AER). Thus, factors that act to increase or decrease 
gas- and aerosol-phase concentrations will also modulate the re-
sulting exposure.

The fate of inhaled SOA in the human respiratory system is 
strongly size dependent. Inhalation exposure to indoor SOA can 
be better linked to cellular response in the lungs and respiratory 
health outcomes through calculation of size-resolved RTDDRs 
(1, 6, 57). Dose rates combine measured particle size distributions 
(Fig. 2E) with size-resolved deposition fractions (DFs) (fig. S8) to 

estimate the amount of inhaled SOA that deposits in each region 
of the respiratory system per unit time. Size-resolved number 
and mass dose rates for indoor SOA (1.2 to 500 nm) are illus-
trated in Fig.  6  (A  and  B) as dRTDDRN/dLogDp (min−1) and 
dRTDDRM/dLogDp (g min−1), respectively; size-integrated dose 
rates are shown in Fig. 6 (C and D); and time-resolved cumula-
tive deposited doses (time integration of dose rates) are shown in 
Fig. 5 (C and D).

The human respiratory system receives a significant dose of 
sub–30-nm SOA during indoor monoterpene ozonolysis events. 
Number dose rates are dominated by sub–30-nm particles and 
generally increase with decreasing particle size between 1.2 and 
500 nm (Fig. 6A). The abundance of nanocluster and nucleation 
mode particles (Fig. 2F) during the indoor NPF events was associated 
with high dose rates in each region of the respiratory system. 
The magnitude of the total dRTDDRN/dLogDp reached a maximum 
(109 to 1010 min−1) in the sub–3-nm size fraction. The high number 
dose rates for sub–30-nm SOA are due to the prominent modes of 
the measured particle number size distributions (Fig. 2E) coinciding 
with submicrometer maxima in the DFs for the head airways (~1 nm), 
tracheobronchial region (~5 to 6 nm), and pulmonary region (~20 to 
30 nm) (fig. S8). The efficient deposition of the newly formed 
sub–30-nm particles in the human respiratory system results in 
size-integrated number dose rates of 0.5 × 109 to 2.3 × 109 min−1 
(Fig. 6C); this equates to cumulative deposited doses on the order 
of 1011 particles over the duration of the two mopping events 
(Fig. 5C). The head airways receive the largest fraction of the total 
number dose rate and dose, followed by the tracheobronchial and 
pulmonary regions. Number dose rates were one to two orders of 
magnitude greater during the two mopping events as compared to 
background, unoccupied periods in the test room (Fig. 6C). During 
the latter, the primary source of indoor particles is the transport of 
outdoor particles indoors via mechanical ventilation.

In contrast to number dose rates, mass dose rates are dominated 
by accumulation mode particles (100 to 500 nm) (Fig. 6B) because 
of their meaningful contribution to particle mass size distributions 
during the SOA generation events. Size-integrated mass dose rates 
ranged from 0.024 to 0.054 g min−1, with much of the dose rate 
received in the pulmonary region (Fig. 6D). This is because DFs for 
the pulmonary region are greater than those for the head airways and 
tracheobronchial region for particles between 100 and 500 nm (fig. S8). 
The cumulative mass deposited dose reached approximately 3.0 and 
7.5 g after the first and second mopping events, respectively.

Indoor SOA production due to monoterpene ozonolysis during 
mopping results in dose rates greater than, or comparable to, what 
one would receive due to inhalation of traffic-associated aerosol 
(1.2 to 800 nm) (58) in an urban street canyon (Fig. 6, C and D). The 
size-integrated number dose rates during the first mopping event 
(5.6 × 108 min−1) was similar to that for an urban street canyon 
(5.6 × 108 min−1), whereas the second mopping event (2.3 × 109 min−1) 
was fourfold greater. In other words, exposure during 1.5 hours of 
mopping is equivalent to exposure to urban street canyon (traffic-
influenced) air for 1.5 to 6 hours. Similarly, the size-integrated 
mass dose rate for the first (0.024 g min−1) mopping event was 
similar to that of the street canyon (0.025 g min−1), while that of 
the second mopping event (0.054 g min−1) was twice as high. The 
apportionment of the dose rates among the three regions of the 
respiratory system is similar between indoor-generated SOA and 
traffic-associated aerosol.
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Sub–3-nm NCA contributed significantly to particle number 
size distributions (Fig. 2E) and corresponding number dose rates 
(Fig. 6A) during ozonolysis-initiated indoor NPF events. While 
recent observations have found an abundance of sub–3-nm parti-
cles in both indoor (59) and outdoor (58) environments, little is 
known regarding their toxicological profiles. Studies have found 
combustion-generated, organic sub–3-nm particles to cause signifi-
cant cytotoxic response in mouse embryo fibroblasts (60), increase 
in cell mortality in human alveolar epithelial-like cells (61), and 
reduction in cell viability of endothelial cells (62). The high dose rate 
of sub–3-nm particles for the head airways (Fig. 6, A/C) is of concern, 
given the potential for nose-to-brain translocation (63). More broadly, 
the dominant role of sub–100-nm SOA toward number dose rates 
suggests a need for indoor exposure metrics based on particle 
number as such particles contribute little to particle mass (64).

Despite the uncertainty associated with indoor air toxicity and 
the toxicity of SOA produced from limonene ozonolysis, multiphase 
inhalation exposure during mopping with a terpene-based cleaner 
in the presence of O3 is particularly of concern for janitors and build-
ing cleaners who spend considerable time each work period cleaning 
surfaces in indoor environments (65). As the cumulative deposited 
dose of SOA increases with exposure time (Fig. 5, C and D), repeated 
SOA generation events throughout a work period may pose an oc-
cupational health risk. Furthermore, workplace and residential 
exposures resulting in adverse health effects are likely to be influ-
enced by increased chemical disinfection of indoor surfaces during 
the coronavirus disease 2019 pandemic (66). Selected terpene-based 
cleaning products containing glycolic acid, such as that evaluated in this 
study, have been shown to be effective in inactivating human corona-
viruses, such as severe acute respiratory syndrome coronavirus 2 

Fig. 5. Time series of inhalation rates and cumulative respiratory tract deposited doses. (A) Mass inhalation rate for monoterpenes, (B) size-integrated number 
(black) and mass (blue) inhalation rates for aerosols, (C) cumulative number respiratory tract deposited dose, and (D) cumulative mass respiratory tract deposited dose. 
The cumulative dose is taken as the time and size integration of dRTDDRN/M/dLogDp.
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(SARS-CoV-2) (66). Recommendations to increase the outdoor AER 
in an effort to reduce airborne transmission of SARS-CoV-2 (67) could 
increase indoor O3 concentrations at certain periods of the day (26) but 
would keep particle mass concentrations low throughout the day if O3 
does not build up indoors (Fig. 4E, blue dashed lines). Maintaining 
indoor background ozone levels below 1 ppb before cleaning events 
or emissions of terpenes would likely minimize particle mass con-
centrations produced during mopping periods (Fig. 4E, red dashed 
lines). Additional measurements and simulations using a more detailed 
indoor air chemical model are needed to confirm these results.

MATERIALS AND METHODS
Experimental design
The cleaning experiments were performed in a research building 
at the Indiana University Research and Teaching Preserve (IURTP). 
The IURTP field laboratory is located in a mixed deciduous forest 
consisting of sugar maple, sycamore, tulip poplar, ash, and hickory 
trees (35). It is located about 2.5 km northeast of the center of the 
Indiana University Bloomington campus and 1 km from the IN 
45/46 bypass at the northern perimeter.

The research building is composed of a teaching classroom and 
several laboratory rooms. A fully enclosed room was chosen as the 

test room. The size of the chosen room is about 50 m3, with a floor 
area of 20.5 m2 and one northeast-facing window that received 
direct sunlight between 09:00 and 10:30. The AER for the test room 
during the experiments was 4.5 hour−1 as measured via CO2 tracer 
gas injection and decay. This AER was higher than most residential 
dwelling units [typically around 0.37 to 1.6 hour−1 in urban areas, 
depending on ventilation conditions (43)] but within the range of 
what has been observed in some residential areas and in small and 
medium commercial buildings in the United States (43). Thus, the 
AER would be typical of an office space. The outdoor air was 
introduced into the room by a mechanical ventilation system with 
a damper-modulated outdoor air intake along the roof. This allowed 
for the introduction of ambient O3 to the room.

A popular commercial household cleaner was used for mopping, 
containing limonene, camphene, and - and -pinene. Other listed 
ingredients included C10 alcohol ethoxylates, glycolic acid, pine oil, 
an unknown proprietary fragrance mixture, and hexyl cinnamal.

For the indoor cleaning episodes, a volunteer came in and mixed 
the cleaning solution inside the room. The recommended ratio of 
cleaner to water stated in the product label (1/4 cup per gallon of 
water) was followed. The volunteer then mopped the floors and 
wiped the surfaces with a cloth wetted with the cleaning solution. 
The cleaning episode was done for about 12 to 14 min, after which 

Fig. 6. Regional and total RTDDRs. (A) Size-resolved number RTDDRs (dRTDDRN/dLogDp) from 1.2 to 500 nm; (B) size-resolved mass dose rates (dRTDDRM/dLogDp) from 
1.2 to 500 nm; and (C) size-integrated number and (D) mass dose rates for the two terpene mopping periods, background period in the test room before mopping, and 
outdoor urban and street canyon aerosol for comparison (1, 58). The particle diameter from 1.2 to 2.5 nm is the activation diameter measured by the nCNC, the particle 
diameter from 2.5 to 300 nm is the electrical mobility diameter measured by the SMPS and NanoScan SMPS, and the particle diameter from 300 to 500 nm is the optical 
diameter measured by the optical particle sizer.
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the volunteer left the room and left the door and window closed for 
about 1 hour and 45 min.

Measurements
OH, HO2, and RO2 radical measurements by  
laser-induced fluorescence
OH, HO2, and RO2 radical concentrations were measured using a 
laser-induced fluorescence–fluorescence assay by gas expansion 
(LIF-FAGE) instrument (35). Two separate detection cells were 
used to measure the radicals. OH radicals were detected in one cell 
(“OH”; fig. S1) by LIF after expansion of ambient air to low pressure 
(5 torr) through a 1-mm pinhole inlet. The laser system used in this 
study was located in a separate room and consisted of a Nd:YAG 
laser (Spectra Physics) that produced approximately 8 W of radia-
tion at 532 nm at a repetition rate of 10 kHz and is used to pump a 
dye laser (Sirah Credo) resulting in 40 to 100 mW of radiation at 
308 nm. After exiting the dye laser, a fraction of the radiation is 
focused onto the entrance of a 12-m optical fiber to transmit the 
radiation to the sampling cell in the test room. OH radicals are ex-
cited and detected using the A2Σ+ υ′ = 0 ← X2 υ″ = 0 transition 
near 308 nm, and the net signal is measured by spectral modulation 
by tuning the wavelength on- and off-resonance in successive cycles. 
A reference cell where OH is produced by thermal dissociation of 
water vapor is used to ensure that the laser is tuned on and off the 
OH transition. The OH fluorescence is detected using a microchannel 
plate photomultiplier tube detector (PMT325, Photek), which is 
switched off during the laser pulse through the use of electronic 
gating, allowing the OH fluorescence to be temporally filtered from 
laser-scattered light (35). The system is calibrated through the 
production of a known concentration of OH from the photolysis of 
water vapor at 185 nm as described previously (35).

HO2 and RO2 were measured in a second low-pressure detection 
cell with a reactor attachment (“ROxLIF”; fig. S1). This attachment 
allows for the measurement of total HO2 and RO2 by CO/NO 
modulation (68). Ambient air enters the reactor through a pinhole 
inlet at a pressure of approximately 40 torr. The addition of CO to the 
reactor converts OH to HO2, allowing for measurements of total HOx 
(HO2 + OH). Addition of NO with CO also converts RO2 radicals 
to HO2, allowing for measurements of total ROx (RO2 + HO2 + OH). The 
converted HO2 radicals are then introduced into the low-pressure 
detection cell, where NO is introduced through an injector to con-
vert the HO2 radicals to OH and the resulting OH radicals detected 
by LIF as described above. The sensitivity of the system to measure 
HO2 radicals was calibrated as before by producing a known con-
centration of HO2 radicals from the photolysis of water vapor at 
185 nm in air. The sensitivity of the system to measured RO2 radicals 
was calibrated by the addition of methane to the calibration source, 
converting the OH radicals produced from water vapor photolysis 
into a known concentration of RO2 radicals (68).
Particle number size distribution measurements
A suite of aerosol instruments was used to measure indoor particle 
number size distributions from 1.2 to 10,000 nm. Particles from 
1.2 to 3 nm (activation diameter) were measured with a nano 
Condensation Nucleus Counter system (nCNC; A11, Airmodus Ltd.), 
which consists of a diethylene glycol–based particle size magnifier 
(PSM; A10, Airmodus Ltd.) and a butanol-based Condensation 
Particle Counter (bCPC; A20, Airmodus Ltd.) (69). The PSM can 
grow particles as small as 1 to about 90 nm, using diethylene glycol 
as the condensing fluid. After that, the bCPC further grows the 

particles to optical sizes and counts the number of particles. The 
nCNC was operated under scanning mode, in which the saturator 
flow rate was changed continuously from 0.1 to 1.3 liters min−1 and 
then backward during a 240-s scan. The nCNC was calibrated using 
tube furnace–generated (NH4)2SO4 and NaCl clusters size-classified 
with a Half-Mini differential mobility analyzer (DMA) (SEADM S.L.). 
A Scanning Mobility Particle Sizer (SMPS; model 3938NL88, TSI 
Inc.) consisting of an electrostatic classifier (model 3082, TSI Inc.) 
with a Kr-85 bipolar charger (370 megabecquerels, model 3077A, 
TSI Inc.), a nano DMA (model 3085, TSI Inc.), and a water-based 
CPC (model 3788, TSI Inc.) was used to measure particles from 2 to 
65 nm (electrical mobility diameter) during a 120-s scan. A portable 
SMPS (NanoScan SMPS, model 3910, TSI Inc.) and an optical 
particle sizer (OPS; model 3330, TSI Inc.) measured particles from 
10 to 420 nm (electrical mobility diameter) and 300 to 10,000 nm 
(optical diameter), respectively, at a sampling interval of 60 s. A 
High-Resolution Electrical Low Pressure Impactor (HR-ELPI+, 
Dekati Ltd.) with sintered collection plates was used to measure 
particles from 6 to 10,000 nm (aerodynamic diameter) at a rate of 
1 Hz; however, the data are not included in this paper. No sample 
inlets were used for the aerosol instruments.

The raw data from the nCNC were processed using the expectation-
maximization algorithm following Cai et al. (70). Selected nCNC 
size distributions were removed because of poor data quality. The 
raw data from the SMPS were corrected for diffusional losses due to 
particle transport within the SMPS (71). Particle number size distri-
butions from the nCNC and SMPS were interpolated between 
minutes to be consistent with the 60-s sampling interval of the 
NanoScan SMPS and OPS. NanoScan SMPS size bins around 100 nm 
were saturated for multiple scans during the NPF events. The 
missing data were interpolated using data of adjacent size bins and 
scans. Data from all four instruments were merged to obtain a full 
particle number size distribution covering a size range from 1.2 to 
10,000 nm. Size distributions between 1.2 and 2.5 nm, 2.5 and 56 nm, 
56 and 300 nm, and 300 and 10,000  nm were derived from the 
nCNC, SMPS, NanoScan SMPS, and OPS, respectively. Particle 
mass size distributions were estimated from the measured number 
size distributions assuming an effective density of limonene ozono-
lysis SOA [1.3 g cm−3 (72)]. In this study, size-integrated SOA mass 
concentrations were evaluated from 1.2 to 500 nm. Larger particles 
(e.g., 500 to 2500 nm) were excluded as they were likely generated 
from non–terpene ozonolysis processes in the test room, such as 
floor dust resuspension and particle release from the human envelope 
of the volunteer (6). There are uncertainties in the estimated 
particle mass size distributions due to interpolation and assumptions 
about particle morphology. Real-time direct measurements of 
particle mass size distributions in the accumulation mode would 
increase the accuracy of the measured SOA mass concentrations 
during the NPF events (73).
VOC measurements by PTR-ToF-MS
VOCs from m/z 20 to 450 were measured at a rate of 1 Hz by a 
PTR-ToF-MS (PTR-TOF 4000, Ionicon Analytik Ges.m.b.H.) with 
a mass resolution >4000 m/m using H3O+ as the primary reagent 
ion. The instrument was operated at an electric field strength to 
gas number density ratio of 119 Td and an inlet temperature of 
80°C. The sample gas flow rate was 80 standard cubic centimeters 
per minute. The temperature and pressure of the drift tube were 
maintained at 60°C and 2.2 mbar, respectively. The instrument 
background was determined twice daily using a cylinder of VOC-free 
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air (Matheson Tri-Gas Inc.), and the instrument was calibrated 
twice daily using two VOC gas standard mixtures (Apel-Riemer 
Environmental Inc.) containing 19 different compounds commonly 
measured in indoor air, including limonene, acetaldehyde, 6-methyl-
5-hepten-2-one, decamethylcyclopentasiloxane, and decanal. During 
the calibration, the gas standards were diluted with VOC-free air to 
2 to 40 ppb with a flow controller. The mass-dependent ion trans-
mission was estimated from the daily calibrations. The total mono-
terpene concentration reported here (sum of signals at m/z 137 and 
81), which includes contributions from the various monoterpenes 
detected in the liquid cleaning solution (limonene, -pinene, 
-pinene, and camphene), was calculated from the calibration with 
the limonene gas standard. Proton transfer reaction rate coeffi-
cients of various monoterpenes (limonene, -pinene, -pinene, and 
myrcene) vary within a relatively narrow range, from 2.2 × 10−9 to 
2.6 × 10−9 cm3 s−1 (74–76). Thus, calculation of the total mono
terpene concentration using the limonene gas standard would re-
sult in uncertainties of approximately 10%. For VOCs not included 
in the gas standard mixtures, concentrations were calculated on the 
basis of the proton transfer reaction theory, assuming a default re-
action rate coefficient of 2 × 10−9 cm3 s−1. This assumption results in 
uncertainties of <50% considering a common rate coefficient range 
from 1.5 × 10−9 to 4 × 10−9 cm3 s−1. Fragmentation patterns for the 
selected volatile oxidation products (Fig. 3) analyzed in this study 
are not available in the literature; thus, only mixing ratios of their 
parent ions were reported. Surface losses to the PFA sampling line 
were not quantified; however, they are expected to be negligible 
given the short residence time (~2 s) from the sampling inlet to 
the detector.
Additional measurements
O3 was measured using a photometric analyzer based on ultraviolet 
absorption of O3 at 254 nm (model M400E, Teledyne Technologies 
Inc.). NOx (NO and NO2) was measured using a chemiluminescence-
based analyzer that uses the characteristic luminescence resulting 
from the reaction of NO and O3 (model 42C, Thermo Electron 
Corp.). To measure NO2, the analyzer first converts NO2 to NO 
using an internally heated converter and then reports concentrations 
as total NOx. Hence, NO2 is deduced by subtracting NO from the 
total NOx reported. Measurements of JNO2 were made by a colocated 
spectral radiometer and used to determine additional photolysis 
frequencies in the model (51).
Sampling locations and sequence
The PTR-ToF-MS was connected to a “common-outlet” type, 
programmable multiport flowpath selector (EUTA-2VLSC8MWE2, 
Valco Instruments Co. Inc.) to enable for automated multilocation 
sampling between the test room and its mechanical ventilation 
system. A vacuum pump that was also connected to the selected 
stream outlet provided a constant carrier flow of approximately 
9 liters min−1. A rough pump was connected to the common outlet 
of the selector to prevent stagnant air by continuously drawing 
air through all unselected sampling lines. PFA tubes (0.952 cm outer 
diameter) were used as the sampling lines. At the intake of each 
sampling line, a polytetrafluoroethylene filter (1-m pore size) was 
installed to remove particles. Sampling locations included indoor 
air in the test room, outdoor air and recirculation air intakes of the 
mechanical ventilation system serving the test room, and supply air 
to the test room. The 30-min sampling sequence started at XX:00 
and XX:30 of every hour and was repeated as follows: indoor air in 
test room (20 min), outdoor air (3 min), recirculation air (3 min), 

and supply air (4 min). The LIF-FAGE, aerosol instruments, and O3 
and NOx analyzers only sampled room air for the duration of the 
mopping events reported in this study. The sampling location of 
each instrument in the room is shown in fig. S1.
Analysis of the liquid cleaning solution via GC-MS
The terpene-based cleaning solution was analyzed after experiment 
using GC-MS. Before injection, 1 ml of the cleaning solution was 
extracted using 100 ml of dichloromethane (DCM) using a separa-
tory funnel; the bottom layer was then reextracted with 20  ml of 
DCM twice. This separation procedure was done for two 1-ml 
portions of the cleaning solution (n = 2). Standards were prepared 
for -pinene, -pinene, limonene, and myrcene by serial dilutions 
(solvent, DCM; final concentration, ~85 ng ml−1). The samples and 
standards were then analyzed via GC-MS (GC HP6890, MSD 5973, 
Agilent) on an HP-5MS capillary column (30 m by 250 m by 
0.25 m) with helium as the carrier gas and a flow rate of 1.2 ml min−1. 
The injection volume was 1 l (splitless mode), and inlet tempera-
ture was set to 285°C. The initial oven temperature was set to 70°C for 
the first 3.5 min, and then it was ramped up at a rate of 30°C min−1; 
afterward, equilibration time was 6 min. The transfer line temperature 
was set at 285°C; the temperatures of the MS quad and ion source 
were 150° and 230°C, respectively. A full scan mode was used to 
obtain the spectra along the m/z range of 20 to 300.

Modeling
Zero-dimensional box model
HO2, RO2, and OH were modeled with MCM v.3.3.1 chemical 
mechanism (77) using the Framework for 0-D Atmospheric Modeling 
(51). The base model calculates from a photochemical perspective 
and neglects transport and heterogeneous processes. To mimic 
indoor losses due to air exchange, a first-order rate constant for 
dilution was introduced. The model was constrained by 1-min 
averages of O3, VOCs including monoterpenes, NO, NO2, photolysis 
frequencies (scaled to the JNO2 measurements), temperature, and 
relative humidity. Monoterpenes (i.e., -pinene, -pinene, and 
limonene) were appropriately scaled relative to their abundance 
measured in the cleaning solution using the GC-MS analysis (table S1). 
The ozonolysis of camphene was not included in the mechanism 
given that the ozonolysis rate constant is substantially lower than 
that for limonene, -pinene, and -pinene (table S1) (78).

The uptake of secondary products was investigated using limon-
aldehyde as a representative compound (Fig. 4D). The pseudo 
first-order rate constant, k, for the loss due to reactive uptake of 
limonaldehyde onto room surfaces can be estimated using the litera-
ture value of the uptake coefficient, , for pinonaldehyde, assuming 
that it is about the same as limonaldehyde ( = 1.3 × 10−3) (79)

	​ k  = ​  〈c〉S ─ 4  ​​	 (1)

where 〈c〉 is the mean molecular speed of limonaldehyde, calculated 
to be 193 m s−1, and S is the surface area of the room, estimated to 
be approximately 21 m2 per 50 m3, not accounting for furniture and 
instruments in the room. Using these values, the calculated k is 
0.026 s−1. Doubling this value (k = 0.052 s−1) brings the modeled con-
centrations into better agreement with the measurements (Fig. 4D).
Single-zone mass balance model for predicting SOA  
mass concentrations
To model SOA mass concentrations produced in the room, a single-
zone mass balance equation for a completely mixed flow reactor 
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adapted from Waring (10) was solved numerically (Eq. 2). In addi-
tion to chemical losses and production, the model incorporates 
room ventilation, particle deposition to surfaces, and the AMF

          ​​

​ d [ SOA] ─ dt ​   =  (AM ​F​ ​O​ 3​​+LIM​​ ) ​k​ ​O​ 3​​+LIM​​ [ ​O​ 3​​ ] [LIM ] ​Γ​ terp_LIM​​+

​    (AM ​F​ ​O​ 3 ​​+APIN​​ ) ​k​ ​O​ 3 ​​+APIN​​ [ ​O​ 3​​ ] [APIN ] ​Γ​ terp_APIN ​​+​    
(AM ​F​ ​O​ 3 ​​+APIN​​ ) ​k​ ​O​ 3 ​​+BPIN​​ [ ​O​ 3​​ ] [BPIN ] ​Γ​ terp_BPIN​​−

​   

(AER + ​β​ SOA​​ ) [SOA ] + ​S​ g​​

 ​	​ (2)

AMF was estimated using a previously observed empirical 
relationship of AMF versus the total organic aerosol mass concen-
tration, COA (8), which, in this case, was taken to be the sum of both 
background and newly formed aerosols. AMFs were estimated 
(derived via linear interpolation) from empirical relationships and 
parametrizations previously reported in the literature (8). For limo-
nene, the derived AMFs were tuned by a factor of 2.5 to match the 
measurements and ranged from 0.31 to 0.88, which is within the 
range reported in previous terpene ozonolysis experiments in 
chambers (8). For -pinene, the AMFs ranged from 0.17 to 0.24. 
For -pinene, no AMFs were found in the literature; thus, -pinene 
AMFs were used as a proxy. In Eq. 2, kO3 + LIM is the rate constant for 
O3 + limonene (1.9 × 10−2 ppb−1 hour−1) (10), kO3 + APIN is the rate 
constant for O3 + -pinene (7.56 × 10−3 ppb−1 hour−1), and kO3 + BPIN 
is the rate constant for O3 + -pinene (1.32 × 10−2 ppb−1 hour−1) 
(78). The terms [O3], [LIM], [APIN], [BPIN], and [SOA] are the 
concentrations of O3, limonene, -pinene, -pinene, and SOA mass, 
respectively. Proportions of limonene, -pinene, and -pinene were 
inferred from the GC-MS analysis and were taken to be 44, 10, and 
16%, respectively (table S1). The contribution of camphene in the 
model was neglected given that the ozonolysis rate constant is 
approximately a factor of 100 to 200 times smaller than that for 
-pinene and limonene (table S1) (78). terp is a numerical conver-
sion factor to convert from parts per billion to micrograms per 
cubic meter. The measured AER of 4.5 hour−1 was used, and the 
aerosol first-order deposition loss rate coefficient (SOA) was esti-
mated to be 0.1 hour−1 (10). However, the contribution of SOAto 
SOA mass loss in the test room was assumed to be negligible given 
that AER >> SOA for accumulation mode particles (100 to 500 nm) 
that dominated the measured SOA mass concentrations. Sg is a 
generic source rate, taken to be 18 g m−3 hour−1, and is interpreted 
to be due to the delivery of outdoor particles to the test room via the 
mechanical ventilation system. In the absence of this generic source 
rate, the model is unable to reproduce the observed background 
particle mass concentrations from the ozonolysis of the measured 
background concentration of monoterpenes.
Size-resolved particle RTDDR analysis
Size-resolved particle RTDDRs or inhaled deposited dose rates were 
analyzed to evaluate human exposure to SOA during the mono-
terpene mopping events. These dose rates describe the number or 
mass of particles that deposit in each region of the human respira-
tory tract (head airways, tracheobronchial region, and pulmonary 
region) per unit time (1, 6, 57). Briefly, dose rates were taken as the 
product of the measured number size distributions, or the estimated 
mass size distributions, with the inhalation rate and the size-resolved 
particle DF for each region of the respiratory tract. The inhalation 
rate was assumed to be 1.25 m3 hour−1 for an adult engaged in light 
activity, such as mopping and cleaning (80). This corresponds to an 
aerosol loss rate due to breathing of 0.02 hour−1, suggesting that 

breathing was a negligible loss pathway for particles in the test room. 
Size-resolved particle DFs for an adult were obtained using the 
age-specific symmetric single-path model from the open-source 
Multiple-Path Particle Dosimetry model (v3.04, Applied Research 
Associates Inc.). Size-resolved dose rates in number (RTDDRN, per 
minute) and mass (RTDDRM, micrograms per minute) are repre-
sented as log-normal size distributions dRTDDRN/M/dLogDp. The 
total number and mass of particles deposited to the respiratory tract 
during a mopping event were estimated by integrating the RTDDRs 
over time and for different particle size fractions.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9156
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