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ABSTRACT: Humans are a potent, mobile source of various volatile
organic compounds (VOCs) in indoor environments. Such direct
anthropogenic emissions are gaining importance, as those from
furnishings and building materials have become better regulated and
energy efficient homes may reduce ventilation. While previous studies
have characterized human emissions in indoor environments, the
question remains whether VOCs remain unidentified by current
measuring techniques. In this study conducted in a climate chamber
occupied by four people, the total OH reactivity of air was quantified,
together with multiple VOCs measured by proton transfer reaction
time-of-flight mass spectrometry (PTR-ToF-MS) and fast gas
chromatography−mass spectrometry (fast-GC−MS). Whole-body,
breath, and dermal emissions were assessed. The comparison of
directly measured OH reactivity and that of the summed reactivity of
individually measured species revealed no significant shortfall. Ozone exposure (37 ppb) was found to have little influence on breath
OH reactivity but enhanced dermal OH reactivity significantly. Without ozone, the whole-body OH reactivity was dominated by
breath emissions, mostly isoprene (76%). With ozone present, OH reactivity nearly doubled, with the increase being mainly caused
by dermal emissions of mostly carbonyl compounds (57%). No significant difference in total OH reactivity was observed for
different age groups (teenagers/young adults/seniors) without ozone. With ozone present, the total OH reactivity decreased slightly
with increasing age.

1. INTRODUCTION

People spend on average 80%∼90% of their time indoors and
more than 60% in their home residence.1−5 Therefore, the
indoor air quality plays an important role in human health as
people are exposed to numerous chemical compounds for long
periods within their indoor home environment.6,7 The degree
of exposure is even higher while movement restrictions are in
force, e.g., associated with pandemic outbreaks.
For the last 20−30 years, the main focus of indoor research

has been on building-related emissions such as building
materials, furnishings, and paints; numerous volatile organic
compounds (VOCs) have been measured from such
sources.8−13 However, with improved manufacturing techni-
ques, these emissions gradually decreased, increasing the
relative importance of emissions from occupants themselves.
Humans are a potent, mobile source of chemicals in indoor

environments. Several hundred bioeffluent VOCs are known to
be emitted via breath and skin.14 In the presence of oxidants
such as ozone or the hydroxyl radical (OH), oxidation
products can be formed.15−19 Besides, indoor OH concen-
trations have been measured and modeled in several studies
that indicate the common occurrence of levels on the order of

105 molecules cm−3.20−24 Despite the application of advanced
measurement technology in recent studies, the following
question remains: Are we measuring all of the OH reactive
species related to indoor human emissions? The question can
be addressed by measurements of total OH reactivity, which
provides a direct measurement of the total loss rate of OH
radicals in the air. When this value is compared to the sum of
the OH reactivity contributed by the individually measured
species, any difference will indicate that the characterization of
species has been insufficient. Studies made outdoors have
revealed significant differences between measured and
calculated reactivity.25−28 The missing fraction in comparison
to known species gives important insights into possible
unknown primary emission sources and secondary products.
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The OH reactivity in this study is determined using the
comparative reactivity method (CRM),29 which has been
applied in various outdoor locations worldwide from
megacities to rainforests.25,26,30−32 A recent intercomparison
of OH reactivity methods has shown that the CRM method
accurately measures OH reactivity,33 especially under high OH
reactivity conditions. Therefore, indoor environments, where
high OH reactivity can be expected, present a good application
for this method.
Several studies have characterized VOCs from people in

various real world indoor environments including aircraft
cabins, offices, classrooms, movie theaters, and museums.34−39

These results inevitably represent emissions from people
combined with inputs from clothing, detergents, fragrances,
furnishings, and furniture. While limited indoor studies have
considered the OH reactivity contributions of measured indoor
VOCs,40 to our knowledge, none to date have compiled a
budget based on a direct total OH reactivity measurements.
Therefore, measuring the total OH reactivity and VOCs
exclusively from human emissions is needed to answer whether
current indoor air trace gas measurements provide a complete
chemical characterization of human emissions from different
sources (breath and skin), including their variations under
different well-controlled conditions. Of special interest is the
total OH reactivity of human emissions in the presence of
ozone, one of the most important indoor oxidants.41

This study is a part of the Indoor Chemical Human
Emissions and Reactivity (ICHEAR) project, which aims to
comprehensively characterize the human contribution to
indoor air chemistry. The goals of this work are to (1) define
the OH reactivity of indoor air resulting from whole-body
human emissions, as well as isolated breath and dermal
emissions; (2) identify if any missing reactivity exists and the
fractional composition of the OH reactivity; (3) examine the
effect of ozone; (4) examine the effect of human age.

2. METHODS

2.1. Chamber Experiment Setup. Two 22.5 m3 stainless-
steel climate chambers at the Technical University of Denmark
were used for all experiments. The stainless-steel chamber
minimizes the influence of surface effects and emissions from
furnishings and decorative materials. Detailed information
about the experimental design and the instrumental setup are
given by Bekö et al.42 In brief, precleaned chambers were
ventilated with filtered outdoor air at an air change rate (ACR)
of 3.2 ± 0.11 h−1 (mean value calculated from measurement of
CO2 decay as well as Freon134a tracer gas, details in Bekö et

al.42). The temperature and the relative humidity of the
chambers were controlled and monitored. For the duration of
an experiment, four volunteers were asked to stay inside the
chamber wearing standardized long-sleeve shirts, pants, and
calf socks (“long” clothing) or t-shirts, shorts, and ankle socks
(“short” clothing), which were prewashed with fragrance-free
detergent and tumble-dried after purchase. In the subset of
experiments designed to characterize the impact of ozone,
ozone was generated using a Jelight 600 UV ozone generator
and introduced into the chamber supply air to achieve the
targeted mixing ratio of ∼100 ppb in an unoccupied chamber.
With four people present, the steady-state ozone level fell to 37
ppb. The ozone loss due to the chamber surface without
people present was relatively small (∼5%).42 The experiments
were performed with three groups of young adults, a teenage
group, and a senior group.
In this study (Table 1), the identical experiments with the

five groups (benchmark experiments, Experiments 1, 6, 10, 16,
and 18) and their replicates (Experiments 21, 25, and 26) were
selected to determine the total OH reactivity of human whole-
body emissions under ozone-free and ozone-present con-
ditions, as well as the potential variation of total OH reactivity
with age. For each benchmark experiment, volunteers wearing
long clothing stayed in the chamber for ∼3 h in the morning.
Then, after a short lunch break (10−15 min), volunteers re-
entered the chamber for the afternoon period (∼2.5 h). Ozone
was introduced approximately 10 min after they re-entered the
chamber. In addition to the benchmark conditions, additional
experiments were performed in order to examine breath and
skin emissions separately. This was achieved by using two
identical chambers and asking the volunteers to breathe
through a mask (Sperian ValuAir Plus 6100 V series RP155).
They inhaled air from the chamber in which they sat and
exhaled air into the second chamber. As the main inlet for all
measurement instruments was fixed in the primary chamber,
where the whole-body experiments were performed, the skin-
only Experiment 13 was performed by asking the volunteers to
sit in the primary chamber, while the breath-only Experiment
12 was achieved by having the volunteers sit in the second
chamber. Ozone was always introduced into the primary
chamber.

2.2. Total OH Reactivity Measurement and Data
Analysis. A common inlet for all instruments (i.d. = 12.7 mm,
length 5 m, fluorinated ethylene propylene tubing) was
attached inside the chamber air outlet, to draw air exiting
the chamber to instruments at 7 L min−1. The inlet was
manually controlled via a three-way valve (Galtek Solenoid

Table 1. Experimental Conditions and Information

experiment numbera

(replicate) experiment type
temperature (°C)

(replicate) relative humidity (%) (replicate) age

1 whole-body: young adult (group A1) 26.2−30.3 31−35 mean: 25 (19−30)
6 (21) whole-body: young adult (group A2) 23.7−27.5 16−23

(23.3−27.7) (17−25)
10 whole-body: young adult (group A3) 25.3−28.8 28−31
18 (26) whole-body: teenager (group T4) 24.6−28.4 29−37 mean: 13.8

(25.8−30.0) (30−36) (13−15)
16 (25) whole-body: senior (group S5) 25.3−29.7 24−30 mean: 70.5

(25.4−29.0) (24−28) (68−72)
12 breath: young adult (group A3) 32.2−32.6 56−62
13 skin: young adult (group A3) 26.3−29.9 24−28

aExperiment numbers are identical to those in Bekö et al.42 Numbers in parentheses refer to replicate measurements.
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Valves, Entegris, Inc.) to allow for switching between the
chamber’s supply air and exhaust airstreams. A subflow (i.d. =
6.35 mm) of ∼300 mL min−1 from the main inlet was taken by
the CRM system, which mainly consists of a glass reactor and a
detector (a proton transfer quadrupole mass spectrometer,
PTR-QMS produced by Ionicon Analytik).
The principle of the CRM is to monitor the concentration

variations of a reference molecule with a known OH rate
constant (pyrrole in this study, Westfalen AG) when it reacts
with OH radicals alone or when mixed with ambient air in a
glass reactor.29 The OH radicals were generated by flushing
humidified nitrogen (6.0 grade, Westfalen AG) through a Hg−
Ar UV lamp (LOT Quantum Design). The pyrrole variations
were detected by the PTR-QMS at m/z 68 operated under
drift pressure at 2.2 mbar, temperature at 60 °C, and voltage at
600 V (E/N = 137 Td).29 The detailed CRM operating
procedures can be found in the Supporting Information (SI).
Due to a failure of the drift tube temperature control in PTR-
QMS during the experiments with the senior group (Experi-
ments 16 and 25), the measured total OH reactivity data for
those particular experiments are not available.
The measured OH reactivity was corrected for possible

interferences (humidity and nonpseudo-first-order condition)
according to previous studies.29,33,43 Interference from NOx
(NO and NO2) was deemed negligible due to their low mixing
ratios (mostly of time near and below the limits of detection, 1
ppb). The interferences are described in greater detail in the
SI. The limit of detection (LOD, 3σ) during the campaign was
5 s−1. The total uncertainty of the OH reactivity data was
∼50% (median and mean), with the precision error ranging
from 12%−54% for the experiments included in this study.
The detailed calculations of total uncertainty and precision can
be found in the SI.
2.3. VOCs and Other Trace Gas Measurements. A

proton transfer time-of-flight mass spectrometer (PTR-ToF-
MS 8000, Ionicon Analytik) was used to measure VOCs in the
chamber. The instrument sampled the same main inlet air as
the CRM instrument by taking another substream of ∼100 mL
min−1 (i.d. = 3.18 mm). The PTR-ToF-MS was operated
under standard conditions (same as PTR-QMS used in CRM)
using protonated water (H3O

+) as the primary ions.
Compounds with a proton affinity higher than water were
detected at their protonated mass (MH+).44 Four-point
calibrations were performed throughout the campaign using
a standard gas mixture containing the 14 compounds listed in
Table S2 (Apel-Riemer Environmental Inc.). The time
resolution of the measurement was 20 s with a mass resolution
of 4000 at mass 96 amu. The LOD (3σ) for the VOCs
measured by PTR-ToF-MS ranged from 7 to 171 ppt for
compounds calibrated with the gas standard. For other
detected masses, empirical formulas were assigned and the
mixing ratios of those masses were calculated using the
theoretical calculation method assuming a constant proton
transfer rate coefficient, with an associated uncertainty of
∼50%.45 Here, an exception was made for 6-methyl-5-hepten-
2-one (6MHO), which is a main product of squalene
ozonolysis.37 The mixing ratio was corrected to the reported
proton transfer rate coefficient.46 Due to high abundance of
6MHO (above 4 ppb when ozone was present reported in
Bekö et al.42) and its measured fast reaction rate with OH
radicals (1.57 × 10−10 cm3 molecules−1 s−1, see Table S2), the
uncertainty of calculated reactivity (see Section 2.4) for

6MHO as well as the total reactivity would be overestimated if
no correction was applied.
The mixing ratios of isoprene and propanal (i.e.,

propionaldehyde) were taken from a custom-made fast-gas
chromatograph−mass spectrometer (fast-GC−MS) deployed
for the campaign with a LOD < 25 ppt and a total uncertainty
<10%. This is because the PTR-Tof-MS was found to have
interferences for isoprene since C5H8H

+ (m/z 69.070) could
also result from fragmentation of aldehydes with a carbon
number larger than four47 and the instrument could not
distinguish propanal and acetone. The fast-GC−MS was
operated in selected ion monitoring (SIM) mode to measure
certain VOCs at a time resolution of 3 min. Details of the
operation method were described by Bourtsoukidis et al.48

Ammonia (NH3) was measured by a manufacturer-
calibrated cavity ring-down spectrometer (Picarro G2103). A
detailed description of the NH3 measurement was reported by
Li et al.49 Ozone was measured by an ozone monitor (Model
205, 2B Technologies). NO and NO2 were continuously
monitored by a chemiluminescence NO/NOx analyzer (ECO
PHYSICS, model CLD 700 AL).

2.4. Calculated OH Reactivity. In order to compare the
directly measured total OH reactivity with the OH reactivity
from all measured species, the total “calculated OH reactivity”
was obtained on the basis of the measured trace gas
concentrations using the following equation:

∑= [ ]+R k XX OH ii (1)

where [Xi] is the concentration of trace gas species i and kXi+OH

refers to the rate constant (cm3 molecule−1 s−1) of species i
reacting with the OH radical. In total, 78 species with assigned
empirical formulas and chemical structures were considered in
the calculation; these compounds were detected above the
LODs most of the time and are related to human emissions
(higher mixing ratios detected with volunteers inside the
chamber in comparison with the empty chamber). These
species were grouped into hydrocarbons (HC), oxygenated
volatile organic compounds (OVOCs), nitrogen containing
compounds, and sulfur containing compounds. OVOCs were
further divided into five subgroups: alcohols, acids, oxygenated
aromatics, carbonyls, and others. The list of species with
corresponding kXi+OH values taken from the published literature
is shown in Table S2. As some measured PTR-ToF-MS masses
can be isomeric compounds, an averaged kXi+OH was derived
for isomeric compounds with known rate constants (Table
S2). However, for some isomeric carbonyls, specific com-
pounds were assigned to the formula according to Wisthaler
and Weschler37 who reported carbonyl products from human
skin lipid reaction with ozone. For some compounds whose
rate constants with the OH radical are unknown, rate constants
for compounds with similar chemical structure were used. The
uncertainty of the kXi+OH for standard-calibrated compounds
and specifically assigned compounds was estimated to be
∼10%, while for the averaged kXi+OH derived from isomeric
compounds, a large uncertainty (100%) was estimated.30 The
uncertainty of calculated reactivity for each species is a
propagation of uncertainties from the mixing ratio and the
kXi+OH. Therefore, the total uncertainty of the total calculated
OH reactivity is highly dependent on the reactivity fraction of
the species having less uncertainty (i.e., standard-calibrated
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compounds), with a mean and median uncertainty of 29% for
the experiments in this study.
Data from each experiment during the steady-state condition

before volunteers exited the chamber were selected and
averaged for both measured and calculated OH reactivity. A
steady state was assumed when the relative change of the
calculated reactivity was small at the end of each experiment
(see details in the SI), meaning the total production rate of
reactive species due to human occupants was equivalent to
their total loss rate, which included air exchange and
deposition to chamber surfaces. The data during the steady-
state period reported in this study were background corrected
by subtracting the measured mean value in the empty chamber
before volunteers entered.

3. RESULTS AND DISCUSSION
3.1. Total OH Reactivity of Whole-Body Emissions.

Four benchmark experiments (1, 6, 21, and 10) involving three
different groups of young adult volunteers were selected to
represent the whole-body emission from adults, with the mean
levels of measured and calculated OH reactivity shown in
Figure 1. In general, the OH reactivity due to occupancy by
four adults was 14 ± 3 s−1 under the ozone-free condition and
increased to 33 ± 6 s−1 with ozone present. There was good
agreement with the calculated OH reactivity of 16 ± 2 and 33
± 1 s−1 under ozone-free and ozone-present conditions,
respectively. In other words, the calculated OH reactivity
matched well with the measurements, considering the
associated uncertainty (Figure S1). The OH reactivities of
whole-body emissions from four people in the ventilated

Figure 1. Calculated and measured OH reactivity of adult whole-body emissions under ozone-free and ozone-present conditions. Error bars
represent the standard deviation derived from the data of four benchmark experiments (Experiments 1, 6, 10, and 21).

Table 2. Top 10 Species Contributing to the Calculated OH Reactivity of Adult Whole-Body Emissions (average levels and
standard deviations of Experiments 1, 6, 10, and 21) under Ozone-Free and Ozone-Present Conditions

mass (H+) compounds OH reactivity ± SD (s−1) fraction ± SD%

ozone-free a isoprene 12 ± 2.4 76 ± 3.8
137.132 limonene 0.6 ± 0.1 3.6 ± 1.0
127.112 6MHO 0.4 ± 0.1 2.6 ± 1.3
45.034 acetaldehyde 0.3 ± 0.2 2.0 ± 0.9
b ammonia 0.2 ± 0.1 1.2 ± 0.5
195.186 geranyl acetone 0.2 ± 0.1 1.1 ± 0.6
87.044 1,4-butanedial 0.1 ± 0.0 0.9 ± 0.1
33.034 methanol 0.1 ± 0.0 0.8 ± 0.3
91.057 C4H10S 0.1 ± 0.1 0.7 ± 0.5
71.049 C4H6O 0.1 ± 0.0 0.7 ± 0.2
sum of top 10 species 14 ± 2.4 90 ± 1.6
sum of all species 16 ± 2.3

ozone-present a isoprene 11.0 ± 1.2 33 ± 3.8
127.112 6MHO 9.3 ± 1.1 28 ± 1.2
101.096 4OPA 1.9 ± 0.2 5.8 ± 0.1
143.143 nonanal 1.2 ± 0.1 3.5 ± 0.1
87.044 1,4-butanedial 0.8 ± 0.1 2.5 ± 0.1
45.034 acetaldehyde 0.8 ± 0.2 2.5 ± 0.8
137.132 limonene 0.7 ± 0.1 2.2 ± 1.0
141.127 nonenal 0.7 ± 0.1 2.0 ± 0.1
a propanal 0.6 ± 0.1 1.8 ± 0.0
195.186 geranyl acetone 0.4 ± 0.1 1.3 ± 0.5
sum of top 10 species 27 ± 1.4 82 ± 0.8
sum of all species 33 ± 1.4

aIsoprene and propanal data were obtained from fast-GC−MS. bAmmonia data was obtained from a cavity ring-down spectrometer (Picarro
G2103).
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chamber (16 s−1 under the ozone-free condition and 33 s−1

under the ozone-present condition) were comparable to
reactivities measured in megacities.50

As shown in Figure 1, under the ozone-free condition,
hydrocarbons contributed the largest fraction (81%) to the
total OH reactivity (dominated by isoprene, 76%, 12 s−1),
followed by carbonyls (14%). Although more than 70 species
were considered in the calculation, the top 10 species
accounted for 90% of the total OH reactivity (Table 2).
Besides isoprene, the reactivity of the other nine species
individually was less than 1 s−1. In contrast, after ozone was
introduced into the chamber, the total OH reactivity doubled
compared to that of the ozone-free condition. Carbonyl
compounds constituted the largest fraction (57%, 19 s−1). The
OH reactivity of hydrocarbons showed a small decrease when
ozone was present, while the OH reactivity of OVOCs (except
for alcohols) increased. In particular, the reactivity attributed
to carbonyl compounds increased by almost an order of
magnitude from 2 s−1 without ozone to 19 s−1 with ozone
present. 6MHO alone accounted for 28% of the total reactivity
under the ozone-present condition, which is comparable with
the fractional contribution by isoprene (33%). This occurred
because of their abundance and fast reaction rate constants
with OH radicals (1.0 × 10−10 cm3 molecules−1 s−1 for
isoprene and 1.57 × 10−10 cm3 molecules−1 s−1 for
6MHO).51,52 Isoprene is one of the most abundant VOCs
observed in human breath.53 6MHO is a major product of the
reaction of ozone with squalene, one of the main components
of skin lipids.15 It should be noted that acetone was found to
be much more abundant than isoprene, with and without

ozone. It is not only a major breath compound53 but also a
squalene−ozone reaction product.15 However, due to its much
smaller rate constant with the OH radical at 1.8 × 10−13 cm3

molecules−1 s−1,54 its contribution to the total OH reactivity is
relatively small (<0.15 s−1).
The reported OH reactivities of 16 s−1 under ozone-free and

33 s−1 under ozone-present conditions with four seated people
inside the chamber (temperature range: 23−30 °C), gave
reactivities of 4.0 and 8.3 s−1 per person, respectively. No other
direct indoor OH reactivity measurement results are available
for comparison. However, as no significant missing reactivity
was observed, we can compare our results to previous studies
that reported calculated OH reactivity. For studies that
reported concentrations of gas-phase species, the OH reactivity
can be estimated using eq 1. At an identical occupancy, the
mixing ratios of indoor gas-phase species are impacted by the
room volume, the ACR, and the surface removal rate. A bigger
room volume and larger ACR lead to more dilution, which
results in lower mixing ratios. In order to compare our results
with those of other studies, we adjusted the estimated per-
person OH reactivity in other studies for the differences in
room volume and ACR between those studies and our data.
The surface removal of a compound can be ignored if it
reaches a steady state. Since the major compounds (isoprene
and 6MHO) contributing to the OH reactivity could quickly
reach a steady state, the surface removal was not considered.
Details of the adjustment method are given in the SI.
Table 3 compares the OH reactivity per person (s−1 p−1) of

this study with those estimated for other human occupied
indoor environments. The adjusted values for OH reactivity

Table 3. Per-Person OH Reactivity from Human Emissions in Various Studies

indoor environments
OH reactivity per person before

adjustment (s−1 p−1) indoor volume (m3) outdoor ACR (h−1)
indoor ozone
level (ppb)

OH reactivity per person after
adjustment (s−1 p−1)

present study
chamber (ozone-free) 4.0 22.5 3.2 <1 4.0
chamber (ozone-present) 8.3 22.5 3.2 37 8.3

other studies
classroom (Tang et al.36) 0.12a 670 5 not reported 5.4
cinema (Stönner et al.35) 0.055a 1300 5 low 5.0
gallery room (high-occupancy
event) (Price et al.40)

0.080b 6000 0.8 5 5.3

aOH reactivity per person before adjustment was estimated using reported VOCs emission rates, details shown in the Supporting Information.
bOH reactivity per person before adjustment was estimated on the basis of reported OH reactivity and occupancy number, details shown in the
Supporting Information.

Figure 2. Measured and calculated OH reactivity of breath (Experiment 12), dermal (Experiment 13), and corresponding whole-body emissions
(Experiment 10) under ozone-free and ozone-present conditions. Error bars represent the total uncertainty of the measured and calculated OH
reactivity.
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per person obtained in various occupied environments are
comparable and within the range of our chamber results
without and with ozone. In the museum gallery study, the total
OH reactivity with a high occupant density was roughly 73%
higher than the total OH reactivity with a low occupant
density. This comparison underlines the significant effect of
occupancy on the total OH reactivity in real-world indoor
environments. The major species contributing to the OH
reactivity in a classroom36 and a museum gallery40 were
isoprene, monoterpenes, and 6MHO. In a cinema,35 besides
isoprene and monoterpenes, acetaldehyde, a common human
bioeffluent compound,14 was the third compound contributing
the most to the reactivity. The less OH reactivity contribution
from 6MHO was probably caused by the lower level of ozone
in winter leading to less skin-initiated oxidation products.35

The major species contributing to OH reactivity in our study
(Table 2) agree well with those in other studies. However,
when ozone was present in our chamber, carbonyls (not
including 6MHO) contributed to the reactivity more than
monoterpenes (Table 2). This likely reflects the fact that the
volunteers in our study did not use fragranced personal care
products, which often contain monoterpenes (e.g., limo-
nene).55 Overall, the comparable per-person OH reactivity
and the similar major OH reactivity contributing species
observed in various studies indicate the relative consistency of
the OH reactivity budget of human emissions. The present

study reveals the extent to which ozone in an occupied
environment can amplify the total OH reactivity of human
emissions.

3.2. Total OH Reactivity of Breath and Dermal
Emissions. To better understand the relative contributions
of breath and dermal emissions to the total whole-body OH
reactivity, the results from Experiment 10 (whole-body, adult
group A3) are shown in Figure 2 alongside the results from the
separate breath and dermal emission experiments performed
with the same group of volunteers. In general, the measured
OH reactivity and the calculated OH reactivity were
comparable. For breath-only emissions, the total OH reactivity
without ozone (13 s−1) was similar to the total OH reactivity
with ozone present (14 s−1). Hydrocarbon reactivity
dominated the total reactivity under both ozone-free and
ozone-present conditions. Although ozone had a negligible
effect on the reactivity of breath-only emissions, the
contribution of carbonyls showed an obvious increase under
the ozone-present condition (Figure 2), accounting for 13% (2
s−1) of the total calculated OH reactivity. It is likely due to
ozone reacting with species in the air (e.g., isoprene and
monoterpenes) as well as with a small amount of less volatile
organic species (squalene, unsaturated fatty acids, etc.)
remaining on the chamber surfaces. As for dermal emissions,
the calculated reactivity was 5 s−1 under the ozone-free
condition, which was close to the LOD (5 s−1) of the

Figure 3. Total calculated and measured OH reactivity and the calculated OH reactivity for five chemical subgroups (those making the greatest
contributions) for whole-body emissions from teenagers (T, n = 2), young adults (YA, n = 4), and seniors (S, n = 2). Error bars refer to the
standard deviations obtained from benchmark experiments in each age group. Since nitrogen containing species were dominated by ammonia (due
to its high mixing ratios49) and the data were only available for one benchmark experiment, the variation (error bars) for the senior group
(Experiment 25) could not be derived.
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measured reactivity. With ozone present, the OH reactivity
increased significantly to 31 s−1, with carbonyl reactivity
contributing the most (84%, 26 s−1). 6MHO alone accounted
for 42% of the total (13 s−1). The sum of OH reactivity for
breath and dermal emissions exceeded the whole-body OH
reactivity, especially when ozone was present. The dermal-only
experiment was performed with short clothing, while the other
experiments were performed with long clothing. More skin
area was exposed to ozone in the dermal-only experiment,
leading to greater release of reactive species. In addition, the
breath-only experiment was performed under a higher
temperature and relative humidity, which made the compar-
ison imperfect.
The top 10 OH reactivity contributing species accounted for

nearly all of the calculated total OH reactivity of breath
emissions (99% at ozone-free and 94% at ozone-present
conditions, Table S3). In contrast, the top 10 OH reactivity
contributing species accounted for 63% (3 s−1) of the
calculated total OH reactivity of dermal emissions under the
ozone-free condition and for 75% (24 s−1) under the ozone-
present condition (Table S4). The OH reactivity stemming
from dermal emissions is more chemically diverse, especially
under elevated ozone conditions. Similarly, for the whole-body
emissions, the fraction that could not be explained by the top
10 contributing species increased from 10% (2 s−1) without
ozone to 18% (6 s−1) with ozone (Table 2), indicating that a
diverse array of reactive species were released into the gas
phase due to ozone-initiated oxidation. The top 10 species
contributing to the whole-body OH reactivity (Table 2) could
also be found in either the top 10 species of breath or dermal
emissions (Tables S3 and S4). Taken together, the above
results indicate that the reactivity of the whole-body emissions
under the ozone-free condition was mostly determined by the
reactivity of the breath emissions. A small additional carbonyl
reactivity of the whole-body emissions was presumably
attributable to the reactivity of dermal emissions, which was
possibly induced by direct dermal emissions or exposure to
ambient ozone prior to the experiments. The large increase in
OH reactivity for whole-body emissions in the presence of
ozone was attributable to the dramatic increase in products of
reactions between ozone and dermal emissions (mainly
carbonyls).
With ozone present, the OH reactivity budget was more

broadly shared by a mix of carbonyls, especially aldehydes, due
to dermal emissions (Figure 2 and Table 2). Mochalski et al.56

measured dermally emitted VOCs using GC−MS from 31
healthy volunteers and detected more aldehyde species
compared with ketone species. Aldehydes and ketones with
the same empirical formula are difficult to distinguish when
using PTR-MS with H3O

+ as the primary reagent ion.
According to Mochalski et al.,56 carbonyls measured by
PTR-MS in our study, especially mono carbonyls with a larger
molecular weight (carbon number >4), are more likely to be
aldehydes than ketones. Exceptions are certain ketones known
as major skin lipid ozonolysis products (i.e., 6MHO and
geranyl acetone). Aldehydes including 4-oxopantanal, nonanal,
1,4-butanedial, and nonenal ranked within the top 10 species
contributing to the total reactivity under the ozone-present
condition and have all been reported as ozone oxidation
products from skin lipids.37,38,57,58

3.3. Total OH Reactivity for Volunteers of Different
Ages. Similar to the results obtained with young adults (YA),
the total OH reactivity for teenagers (T) and seniors (S)

increased by a factor of ∼2 when ozone was present in the
chamber (Figure 3), compared to when it was absent.
Consistently, the increase was mainly caused by increased
carbonyls > OVOC others > aromatic OVOCs > nitrogen
containing species. The contribution from alcohol, acids, and
sulfur containing species were not shown in the plot, since they
contributed negligible fractions to the total reactivity (below
0.2 and 0.5 s−1 under ozone-free and ozone-present conditions,
respectively). The measured OH reactivity was generally in
good agreement with the calculated reactivity for teenagers
when ozone was absent. However, a higher OH reactivity was
measured (42 ± 3 s−1) compared to the calculated OH
reactivity (34 ± 2 s−1) for teenagers when ozone was present.
Since this difference (missing reactivity of 8 s−1, 19%) was
within the uncertainty of the measured reactivity (49%), we
cannot confidently interpret whether or not it was indicative of
unmeasured species in this case.
Skin lipid emission rates tend to decrease with age,59 which

may lead to less ozone-initiated chemistry on the skin and
lower OH reactivity from dermal emissions in the presence of
ozone among older individuals. Figure 3 shows that young
adults and teenagers had similar calculated total OH
reactivities when ozone was present (33 ± 1 s−1 for YA, 34
± 2 s−1 for T), while the senior group showed a slightly lower
reactivity (29 ± 4 s−1). A similar pattern was observed for the
OH reactivity contribution from carbonyls (Figure 3). This
trend of decreasing OH reactivity from carbonyls in the
presence of ozone with increasing age appears to support the
view that less skin lipids are generated with increasing age.
Another major contributor to the total reactivity is isoprene
from exhaled breath, as discussed previously. The OH
reactivity from isoprene was comparable under ozone-free
and ozone-present conditions for all groups. As shown in
Figure 3, seniors had a slightly lower reactivity attributable to
isoprene compared to young adults and teenagers. This is in
agreement with Kushch et al.,60 who found isoprene levels in
breath to decrease with age for men above 20 years. In
contrary, other studies have found that younger children (ages
7−13) and young people in general (age below 30) emit less
isoprene than elderly people.61,62 Besides age and sex, isoprene
in breath was found to be related to physiological parameters
like respiratory rate or cardiac output.63,64 The large error bars
for isoprene reactivity indicate large variations even for the
same group of people (Figure 3). The level of isoprene was
likely influenced by multiple factors. In summary, due to the
mixed gender character of the groups and the limited number
of volunteers in the teenager and senior groups, it is not
possible to discern a potential dependency of OH reactivity on
age under ozone-free conditions.
In the absence of ozone, the top 10 species were similar

among the age groups, together accounting for roughly 90% of
the total OH reactivity (Figure S2a). Interestingly, nonenal was
ranked within the top 10 species only for seniors; 2-nonenal is
found to be involved in aging-related body odor change.65 The
sum of the top 10 species for each age group accounted for a
smaller fraction of the total OH reactivity when ozone was
present (79% for teenagers, 83% young adults, and 79% for
seniors, Figure S2b) than when ozone was absent. Many of the
top species under ozone-free conditions were also among the
top 10 consumers of OH in the presence of ozone. However,
6MHO rose to the second spot in the top 10 list. Two
chemicals that were not in the top 10 when ozone was absent
(4OPA and nonanal), were the third and fourth ranked sinks
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for OH in the presence of ozone in each age group. Although
the amount of skin lipids per unit area decreases with age, the
proportion of different skin lipid constituents remains similar
regardless of age.59 Consistent with this, in the top 10 lists, the
carbonyl species derived from ozone oxidation of skin lipids
were similar across the three age groups (Figure S2).
3.4. Limitations and Implications of the Study. When

ozone reacts with squalene, 6MHO and geranyl acetone are
generated as primary products in roughly equal amounts (see
Figure 1 in Wisthaler and Weschler37). These compounds are
also generated by secondary reactions between ozone and
other primary products of ozone/squalene chemistry.37 In the
present study, the measured mixing ratios of geranyl acetone
were much smaller, relative to the concentration of 6MHO,
than that measured in a simulated office37 or that measured in
the present chamber66 under similar conditions. Geranyl
acetone has a lower vapor pressure and larger octanol/air
partition coefficient (Koa) than 6MHO, and hence, it has a
greater tendency to sorb to surfaces, including those that
constitute the sampling train. The sampling train for this study
consisted of the main inlet tubing, a three-way valve, and
subflows to the instruments, which is longer and more complex
than those used in the earlier studies. Furthermore, the FEP
tubing used in this study has been reported to have a greater
tendency to sorb gas-phase organics than the PFA tubing67,68

used by Salvador et al.66 We speculate that in our study a
significant fraction of geranyl acetone sorbed to the sampling
train and that some of the sorbed geranyl acetone subsequently
reacted with ozone passing through the sampling lines,
generating 6MHO. The length of the sampling tubing for
the instrument that measured total OH reactivity and the
instruments that measured speciated gas-phase organics was
similar. Hence, the measured total OH reactivity and
calculated total OH reactivity would have been comparably
impacted by such an artifactthe air that reached the
instruments would have had lower geranyl acetone and higher
6MHO concentrations than the chamber air. To some extent,
the loss of geranyl acetone during sampling would be partially
compensated by the production of 6MHO that resulted from
ozone reacting with sorbed geranyl acetone. Hence, the
measured total OH reactivity is more reliable than the
individual measured concentrations of 6-MHO and geranyl
acetone. However, this compensation is not expected to be
perfect, as the OH rate constant for geranyl acetone (two
double bonds) is expected to be higher than that for 6MHO
(one double bond). The net result is that the total OH
reactivity and the fractional contribution of geranyl acetone
may be higher, while the fractional contribution of 6MHO may
be lower than what we have reported in this study under the
ozone-present condition. This sampling artifact should not
have a large impact on the comparisons shown in Table 3,
since the results from other studies have been obtained under
conditions with much lower indoor ozone concentrations. We
expect the per-person OH reactivity in the other studies to be
closer to those measured for the ozone-free condition in the
current study, as indeed they are. Meanwhile, the artifacts from
hydroperoxide decomposition catalyzed by any metal surface
were considered negligible in this study (see details in the SI).
It is worth noting that the agreement between the measured

and calculated reactivity is a sensitive test of budget
completeness for those organic compounds that have a higher
OH reactivity. This method is however insensitive to the

presence of unreactive species and blind to chemically inert
species.
Ozone was the variable we deliberately changed during each

experiment. However, the light lunch may be an unintended
variable; subsequent changes in metabolism may slightly alter
human breath and skin emissions, as suggested by Li et al.49 in
the case of NH3. The reactivity with ozone present is highly
driven by isoprene and 6MHO. Isoprene, as an endogenous
breath compound, would be more impacted by metabolism.
However, exhaled isoprene levels can be affected by a number
of variables, as mentioned in Section 3.3. Further experiments
are needed to better define the influence of food intake on
isoprene levels. Another limitation is the small number of
subjects constituting the teenager and senior groups; this
limited the power of statistical comparisons among the age
groups.
Measuring the total OH reactivity is a novel method that

supplements specific analytical methods used to measure
individual species. This study demonstrates the application and
feasibility of OH reactivity measurement in indoor environ-
ments. Although no significant unattributed reactivity was
observed with and without ozone, differences were observed in
the contributions of various chemical species. This study
focused on human emissions in the absence of personal care
products; further studies are needed to quantify the effect of
such products (e.g., fragrances or deodorants) on OH
reactivity. Meanwhile, during periods of lower traffic intensity
(e.g., weekends or holiday periods or lockdowns), lower NOx
emissions from vehicles may result in elevated ozone
concentrations, especially in cities.69,70 This can lead to higher
indoor reactivity and potentially to increased exposure to
reaction products derived from occupant generated com-
pounds.
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(23) Goḿez Alvarez, E.; Amedro, D.; Afif, C.; Gligorovski, S.;
Schoemaecker, C.; Fittschen, C.; Doussin, J.-F.; Wortham, H.
Unexpectedly high indoor hydroxyl radical concentrations associated
with nitrous acid. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (33), 13294.
(24) Carslaw, N.; Fletcher, L.; Heard, D.; Ingham, T.; Walker, H.
Significant OH production under surface cleaning and air cleaning
conditions: Impact on indoor air quality. Indoor Air 2017, 27 (6),
1091−1100.
(25) Yang, Y.; Shao, M.; Keßel, S.; Li, Y.; Lu, K.; Lu, S.; Williams, J.;
Zhang, Y.; Zeng, L.; Nölscher, A. C.; Wu, Y.; Wang, X.; Zheng, J. How
the OH reactivity affects the ozone production efficiency: case studies
in Beijing and Heshan, China. Atmos. Chem. Phys. 2017, 17 (11),
7127−7142.
(26) Nölscher, A. C.; Yanez-Serrano, A. M.; Wolff, S.; de Araujo, A.
C.; Lavric, J. V.; Kesselmeier, J.; Williams, J. Unexpected seasonality in
quantity and composition of Amazon rainforest air reactivity. Nat.
Commun. 2016, 7, 10383.
(27) Di Carlo, P.; Brune, W. H.; Martinez, M.; Harder, H.; Lesher,
R.; Ren, X.; Thornberry, T.; Carroll, M. A.; Young, V.; Shepson, P. B.;
Riemer, D.; Apel, E.; Campbell, C. Missing OH Reactivity in a Forest:
Evidence for Unknown Reactive Biogenic VOCs. Science 2004, 304
(5671), 722.
(28) Zannoni, N.; Gros, V.; Sarda Esteve, R.; Kalogridis, C.;
Michoud, V.; Dusanter, S.; Sauvage, S.; Locoge, N.; Colomb, A.;
Bonsang, B. Summertime OH reactivity from a receptor coastal site in
the Mediterranean Basin. Atmos. Chem. Phys. 2017, 17 (20), 12645−
12658.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c04206
Environ. Sci. Technol. 2021, 55, 149−159

157

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nora+Zannoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+Ernle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+Beko%CC%88"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6107-8336
http://orcid.org/0000-0001-6107-8336
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pawel+Wargocki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengze+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0620-6301
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+J.+Weschler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9097-5850
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9421-1703
https://pubs.acs.org/doi/10.1021/acs.est.0c04206?ref=pdf
https://dx.doi.org/10.1016/j.ijheh.2005.03.003
https://dx.doi.org/10.1016/j.ijheh.2005.03.003
https://dx.doi.org/10.1016/j.ijheh.2005.03.003
https://dx.doi.org/10.1038/sj.jea.7500244
https://dx.doi.org/10.1038/sj.jea.7500244
https://dx.doi.org/10.1038/sj.jea.7500165
https://dx.doi.org/10.1038/sj.jea.7500165
https://dx.doi.org/10.1038/sj.jea.7500165
https://dx.doi.org/10.1002/anie.201711023
https://dx.doi.org/10.1002/anie.201711023
https://dx.doi.org/10.1016/j.jaci.2007.10.045
https://dx.doi.org/10.1016/j.jaci.2007.10.045
https://dx.doi.org/10.1034/j.1600-0668.2002.01129.x
https://dx.doi.org/10.1034/j.1600-0668.2002.01129.x
https://dx.doi.org/10.1034/j.1600-0668.2002.01129.x
https://dx.doi.org/10.1016/j.atmosenv.2008.09.044
https://dx.doi.org/10.1016/j.atmosenv.2004.02.040
https://dx.doi.org/10.1016/j.atmosenv.2004.02.040
https://dx.doi.org/10.1021/es0264596
https://dx.doi.org/10.1021/es0264596
https://dx.doi.org/10.1021/es0264596
https://dx.doi.org/10.1080/1073161X.1993.10467136
https://dx.doi.org/10.1080/1073161X.1993.10467136
https://dx.doi.org/10.1080/1073161X.1993.10467136
https://dx.doi.org/10.1088/1752-7155/8/1/014001
https://dx.doi.org/10.1088/1752-7155/8/1/014001
https://dx.doi.org/10.1111/j.1600-0668.2009.00599.x
https://dx.doi.org/10.1111/j.1600-0668.2009.00599.x
https://dx.doi.org/10.1039/C9EM00111E
https://dx.doi.org/10.1039/C9EM00111E
https://dx.doi.org/10.1034/j.1600-0668.2000.010004269.x
https://dx.doi.org/10.1034/j.1600-0668.2000.010004269.x
https://dx.doi.org/10.1039/C9EM00386J
https://dx.doi.org/10.1039/C9EM00386J
https://dx.doi.org/10.1021/acs.est.7b06387
https://dx.doi.org/10.1021/es960032f
https://dx.doi.org/10.1021/es960032f
https://dx.doi.org/10.1021/es970669e
https://dx.doi.org/10.1021/es970669e
https://dx.doi.org/10.1021/es901699a
https://dx.doi.org/10.1021/es901699a
https://dx.doi.org/10.1073/pnas.1308310110
https://dx.doi.org/10.1073/pnas.1308310110
https://dx.doi.org/10.1111/ina.12394
https://dx.doi.org/10.1111/ina.12394
https://dx.doi.org/10.5194/acp-17-7127-2017
https://dx.doi.org/10.5194/acp-17-7127-2017
https://dx.doi.org/10.5194/acp-17-7127-2017
https://dx.doi.org/10.1038/ncomms10383
https://dx.doi.org/10.1038/ncomms10383
https://dx.doi.org/10.1126/science.1094392
https://dx.doi.org/10.1126/science.1094392
https://dx.doi.org/10.5194/acp-17-12645-2017
https://dx.doi.org/10.5194/acp-17-12645-2017
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c04206?ref=pdf


(29) Sinha, V.; Williams, J.; Crowley, J.; Lelieveld, J. The
Comparative Reactivity Method-a new tool to measure total OH
Reactivity in ambient air. Atmos. Chem. Phys. 2008, 8 (8), 2213−2227.
(30) Pfannerstill, E. Y.; Wang, N.; Edtbauer, A.; Bourtsoukidis, E.;
Crowley, J. N.; Dienhart, D.; Eger, P. G.; Ernle, L.; Fischer, H.;
Hottmann, B.; Paris, J.-D.; Stönner, C.; Tadic, I.; Walter, D.;
Lelieveld, J.; Williams, J. Shipborne measurements of total OH
reactivity around the Arabian Peninsula and its role in ozone
chemistry. Atmos. Chem. Phys. 2019, 19 (17), 11501−11523.
(31) Zannoni, N.; Gros, V.; Lanza, M.; Sarda, R.; Bonsang, B.;
Kalogridis, C.; Preunkert, S.; Legrand, M.; Jambert, C.; Boissard, C.;
Lathiere, J. OH reactivity and concentrations of biogenic volatile
organic compounds in a Mediterranean forest of downy oak trees.
Atmos. Chem. Phys. 2016, 16 (3), 1619−1636.
(32) Williams, J.; Keßel, S. U.; Nölscher, A. C.; Yang, Y.; Lee, Y.;
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