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ABSTRACT: People influence indoor air chemistry through their
chemical emissions via breath and skin. Previous studies showed that
direct measurement of total OH reactivity of human emissions
matched that calculated from parallel measurements of volatile organic
compounds (VOCs) from breath, skin, and the whole body. In this
study, we determined, with direct measurements from two
independent groups of four adult volunteers, the effect of indoor
temperature and humidity, clothing coverage (amount of exposed
skin), and indoor ozone concentration on the total OH reactivity of
gaseous human emissions. The results show that the measured
concentrations of VOCs and ammonia adequately account for the
measured total OH reactivity. The total OH reactivity of human
emissions was primarily affected by ozone reactions with organic skin-
oil constituents and increased with exposed skin surface, higher temperature, and higher humidity. Humans emitted a comparable
total mixing ratio of VOCs and ammonia at elevated temperature-low humidity and elevated temperature-high humidity, with
relatively low diversity in chemical classes. In contrast, the total OH reactivity increased with higher temperature and higher
humidity, with a larger diversity in chemical classes compared to the total mixing ratio. Ozone present, carbonyl compounds were the
dominant reactive compounds in all of the reported conditions.

KEYWORDS: indoor chemistry, volatile organic compounds, human skin emissions, indoor ozone, ozone deposition velocity

■ INTRODUCTION

On average, we spend 85−90% of our time indoors,1,2 that is,
at home, in offices, and schools. While indoor environments
afford some protection against outdoor ozone and fine
particles, confined volume and limited ventilation can increase
exposure to multiple volatile organic and inorganic compounds
from indoor sources.3 Indoor air chemistry is influenced by the
strength and nature of the indoor sources, the ventilation rate
and quality of outdoor air, the ratio of exposed surfaces to
volume of the space, and occurrence of natural light sources
that drive photochemistry outdoors.4 In occupied environ-
ments, human beings and their associated activities such as
cooking and cleaning represent the dominant source of
gaseous and particulate emissions.5,6 Human beings emit
numerous reactive volatile organic compounds (VOCs)
through their breath and skin.7−10 The main VOCs reported
from breath emissions of healthy individuals include hydro-
carbons such as isoprene, alcohols, ketones, and compounds
containing nitrogen and sulfur.11 Common skin VOCs include
compounds directly emitted by the body as well as those
resulting from oxidation of such compounds (e.g., 6-methyl-5-
hepten-2-one and geranyl acetone). In total, approximately 500
compounds have been identified as emissions from skin,

compared to almost 900 identified in breath.7,12 Ozone (O3),
the main indoor oxidant, is also the main chemical sink of
human emissions, although present at only 10−70% of the
outdoor levels due to losses (reaction) during the building
envelope penetration and on indoor surfaces.13 Ozone
deposition velocities have been calculated for materials used
in building furnishings,14−16 occupied environments,8,17 air-
crafts interiors,18 skin,19 hair,20 and clothing.18,19,21 Values can
range from <1 to >20 m/h,22 but the central tendency for area-
averaged surfaces indoors is about 1.4 m/h. The largest
reported deposition velocities were associated with human
skin, soiled hair, and clothing. Adult human skin has a large
surface area (1.5−2.0 m2) and, due to secretions from glands
across the body, it is covered with proteins and lipids such as
fatty acids, triglycerides, cholesterol, and squalene (C30H50).

23

The latter contributes roughly to 50% of the CC bonds
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available for O3 reactions.20 Squalene reacts rapidly with O3
generating first-generation products including ketones such as
acetone (C3H6O), 6-methyl-5-hepten-2-one (6-MHO,
C8H14O), and geranyl acetone (C13H22O). Further O3
reactions with the primary products lead to secondary products
such as additional acetone, 4-oxopentanal (4-OPA, C5H8O2),
1,4-butanedial (C4H6O2), and levulinic acid (C5H8O3). The
generation of gas-phase products is dependent on environ-
mental factors such as O3 concentration and relative
humidity.24

One of the most critical aspects for understanding indoor air
chemistry and quality is a comprehensive knowledge of the
VOCs present indoors and emitted by humans,25 as well as
their reactivity and lifetime. A relatively new measurement,
namely, the total hydroxyl radical (OH) reactivity,26 allows
direct assessment of the entire chemical budget of compounds
that react with the OH radical. Coupled with measurements of
individual VOCs, it can be used to determine how complete is
the chemical characterization of reactive organic compounds in
air. The total OH reactivity is defined as the total loss
frequency of OH, the inverse being the OH lifetime. Since the
development of the concept of total OH reactivity as a “top-
down” parameter,26 a number of instruments measuring OH
reactivity have been deployed in a diverse set of outdoor
environments,27−30 with the goal of investigating budgets of
reactive VOCs as well as OH31 and O3.

32

The Indoor Chemical Human Emissions and Reactivity
(ICHEAR) project aimed at quantifying VOC emissions and
OH reactivity from adult volunteers exposed in groups of four
in a controlled climate chamber.33 In Wang et al.,34 we
analyzed the OH reactivity of isolated breath and dermal
emissions as well as whole-body emissions from volunteers of
different age groups in the presence and absence of O3. We
showed that the reactive VOCs budget was closed, that when
O3 was present, “OH reactivity approximately doubled” with
the increase due chiefly to unsaturated secondary products of
O3-skin-oil chemistry (57%), and that no significant difference
was observed among different age groups.34 In this study, using
results from a different set of experiments, we examine the
effects of indoor O3 concentration, clothing, temperature, and
relative humidity on the total OH reactivity of whole body
emissions from experiments involving two different groups of
adult volunteers.

■ METHODS
Experimental Design and Methods. The experiments

were conducted in a 22.5 m3 stainless steel climate chambers at
the Technical University of Denmark (DTU) as part of the
ICHEAR project (Table S1). The focus of this research was on
human bioeffluents, so other emission sources were minimized.
The chamber was furnished with a table and four wire-meshed
chairs, and measurements of the empty chambers were taken
before volunteers entered to characterize background con-
ditions. Prefiltered outdoor O3-free air was used to ventilate
the chamber with an average air change rate (ACR) of 3.2 h−1.
Mixing was ensured with two fans in the chamber, directed to
the walls. The environmental conditions were either moderate
temperature and low humidity (set points 25 °C and 25%,
respectively), or high temperature and high humidity (set
points 31 °C and 65%, respectively). Ozone was added into
the supply air either before the start of the experiment, so that
its concentration had reached steady state (SS) before the
volunteers entered (short experimental daysmorning only),

or it was introduced into the chamber air after the human
emitted volatile organic compounds reached steady state (long
experimental daysmorning and afternoon). Although the
two scenarios result in identical steady-state ozone concen-
tration with occupancy (around 35 ppb), they have different
dynamics; when steady state is approached from an ozone-rich
state more ozone-initiated chemistry occurs than when steady
state is approached from an ozone-poor state.35 In the latter
case, the volunteers left the chamber for a 10 min lunch break
after 3 h of O3-free condition. Ozone generation commenced
10 min after they returned to the chamber for another 2.5 h
exposure. The target O3 mixing ratio in the unoccupied
chamber was ∼100 ppb, which resulted in a chamber level of
∼35 ppb when four volunteers were present.
Two groups with young adult volunteers participated in the

present experiments, originally termed as groups A1 and A2.31

Each group was composed of two females and two males being
∼25 years old. They were asked to refrain from drinking
alcohol and eating spicy food one day prior to and during the
days of the experiments. The night before each experimental
day they were washed with provided fragrance-free soap and
shampoo; no shower was taken in the morning. During the
experiments, they wore a provided set of new prewashed
(fragrance-free detergent) and tumble-dried “long” or “short”
clothing. “Long clothing” consisted of sweatpants, long-sleeve
shirts, and calf socks, while “short clothing” consisted of shorts,
t-shirts, and ankle socks.
Separate experiments on O3 exposure (concentration at the

inlet ∼100 ppb, ACR ∼3.2 h−1) of clothing only were
conducted with four clean t-shirts and four soiled (worn) t-
shirts, of the same type given to the volunteers. Soiled t-shirts
were worn overnight and hung inside-out in the chamber.
Detailed information on the experimental design is provided in
Bekö et al.33

Total OH reactivity was measured using a custom-built
comparative reactivity method (CRM) instrument previously
deployed in multiple outdoor atmosphere measurement
campaigns32 and validated in a large inter-comparison
exercise.36 The CRM37 combines a glass flow reactor with a
proton transfer reaction-quadrupole mass spectrometer (PTR-
QMS, Ionicon Analytik GmbH, Austria38) to measure the
concentration of a reference compound normally not found in
ambient or indoor air (here pyrrole, C4H5N), whose reaction
rate with OH is known, and whose concentration can be
unambiguously detected by PTR-MS (C4H5NH

+, m/z 68).
The PTR-MS was operated at standard conditions (Pdrift = 2.2
mbar, E/N = 130Td, Tinlet = 60 °C) to monitor m/z 68 with a
dwell time of 20 s. A pressurized gas standard of pyrrole
(Westfalen AG, Germany) was diluted in the flow reactor and
the concentration, C, was measured under three sequential
conditions: with clean air and dry N2 after photolysis (C1),
after OH is generated (C2), with chamber air replacing clean
air (C3). Hydroxyl radicals were generated in the glass flow
reactor through photolysis of water vapor (Hg UV lamp
emitting at 184.9 nm). Assuming a pseudo-first-order kinetics
regime inside the reactor ([pyrrole] ≫ [OH]), the OH
reactivity Rair was determined from pyrrole concentrations C1,
C2, and C3 with eq 1

= −
−

× ×+R
C C
C C

k C
( 3 2)
( 1 3)

1air pyrrole OH
(1)
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where kpyrrole+OH is the rate constant of the reaction between
pyrrole and OH and equals (1.20 ± 0.16) × 10−10 cm3

molecule−1 s−1.39,40 The concentration C1 was quantified
after each experiment using an OH scavenger.41 The OH
scavenger used during the campaign was propane at a
concentration ∼3.6 × 103 ppm inside the reactor. The pyrrole
mixing ratio C1 measured when the reactor was wet with the
OH scavenger was 59 ± 15 ppb (mean campaign value ±1σ),
and the pyrrole mixing ratio C1 measured when the reactor
was dry without any OH scavenger was 55 ppb. An automated
system switched between clean air (to determine C2) and
chamber air (to determine C3) every 5 min. The data
processing consists of a PTR-MS calibration with pyrrole at
different levels of humidity, humidity correction on C2 to
correct for OH recycling when humidity changed, NOx and O3
corrections on C3 for OH recycling, reactivity calibration for
deviation from pseudo-first-order kinetics with test gas having
different OH rate coefficients, and dilution of the sampling
flow into the flow reactor. All correction factors were
determined experimentally.34,42 Correction for NOx and O3
interference for recycling OH were not necessary as the NO
concentration measured inside the chamber was ∼1 ppb
(corresponding to a change in reactivity <3%), and increasing
concentrations of O3 (0−110 ppb) were tested and found not
to interfere with the chamber CRM set-up. The resolution of
the OH reactivity measurements was 1−10 min, the limit of
detection (1σ) was ∼5 s−1 and the quantified total uncertainty
was ∼48%. The total uncertainty was calculated as the
propagated uncertainty on the pyrrole standard (10%), on
the rate constant of the reaction between pyrrole and OH
(14%), on the dilution of the sampled flow (0.16%), on the
corrections used (31% for kinetics conditions, 29% for
humidity), and on signal precision (∼15%).
Ancillary measurements performed during the ICHEAR

campaign and used in this study included: volatile organic
compounds (VOCs) detected with a PTR-MS equipped with a
time of flight detector (ToF), and with a fast gas chromato-
graph−mass spectrometer (fast GC-MS); carbon dioxide
(CO2) and ammonia (NH3) detected with cavity ring-down
spectroscopy (Picarro, G2401 and G2103, respectively), ozone
(O3), temperature and relative humidity (RH).33,34,43

A common fluorinated ethylene propylene (FEP) inlet (OD
1/2 in., length 5 m) was installed in the chamber’s air exhaust
outlet and air was drawn (sampling flow ∼7 L min−1) to the
sampling devices to measure VOCs, OH reactivity, and CO2
concentration. Background measurements of the supply air just
before it entered the chamber were taken periodically before,
during, and after each experiment. Ozone was measured from a
separate inlet in the middle of the chamber, and the air
temperature and humidity sensors were placed in the chamber.
PTR-ToF-MS (PTR-ToF-MS 8000, Ionicon Analytik

GmbH, Austria38) was operated under standard conditions
(Pdrift = 2.2 mbar, Tinlet = 60 °C and E/N = 137Td) with m/z
up to 450 (mass resolution 4000 at 96 amu). A certified gas
standard mixture (Apel-Riemer Environmental Inc.) contain-
ing 14 compounds was used to calibrate the instrument during
the campaign. Calibrations were performed at stepwise
increasing concentrations at different humidity levels (10−
80%). The sensitivity was generally not affected by humidity
(below 10% for most compounds, except for benzene and
toluene, where sensitivity varied within 20%). A humidity-
dependent sensitivity curve was derived and used to determine
the concentrations of the species included in the calibration

gas. A theoretical method was applied to determine the mixing
ratios of the masses of the compounds not included in the gas
standard.44 The time resolution of the measurements was 20 s,
the uncertainty was up to 11% for the compounds in the
calibration mixture (including uncertainty derived from the
humidity dependency), and ∼50% for those compounds not
included in the calibration mixture.
The fast GC-MS instrument (SOFIASystem for Organic

Fast Identification Analysis45) was equipped with a cryogenic
pre-concentrator. A sampling volume of 20−40 mL was
collected. A quartz particle filter impregnated with a 10% w/w
solution of sodium thiosulfate was installed at the inlet to scrub
O3. Calibrations were performed using a certified gas standard
mixture (Apel-Riemer Environmental Inc.) containing 79
compounds. The time resolution of the measurements was 3
min, the limit of detection was <25 ppt, and the uncertainty
was <10%.
The time resolution of CO2 and NH3 was 2 s. Ozone was

monitored with a 2B Technologies model 205 ozone monitor
(2B Technologies, Boulder, CO) with a time resolution of 10 s
(accuracy: 1.0 ppb or 2% of reading). Air temperature and RH
were monitored with Vaisala GMW90 (accuracy: temperature
±0.5 °C, RH ±2.5% below 60%; Vaisala Corporation,
Helsinki, Finland) connected to a HOBO UX120-006M 4-
channel analog data logger (Onset Computer Corporation,
Bourne, MA) with a time resolution of 1 min.33

Skin Wipes Samples. Skin wipes were collected from the
volunteers’ right forearm before and from the left forearm after
each experiment. Pre-cleaned sterilized cotton pads wetted
with 2-propanol were used to thoroughly wipe (7 strokes) a
skin area of 100 cm2. Squalene (C30H50) and pyroglutamic acid
(C5H7NO3) concentrations were determined in the collected
samples through extraction with an organic solvent and
analyzed by gas and liquid chromatography coupled with
mass spectrometry GC/MS and LC/MS/MS.

OH Reactivity Budget. Volatile organic compounds and
ammonia concentrations (Xi) and their rate coefficients of
reaction with OH (ki+OH) were used to determine the species-
specific OH reactivity. The sum of species-specific OH
reactivities for all measured compounds yields the summed
calculated OH reactivity (eq 2)

∑= ×+R k X
i

i iOH
(2)

Table S2 lists the compounds used to calculate the reactivity.
From the measured PTR-ToF-MS masses (21−450 m/z), only
masses above the instrumental limit of detection and known to
be related to human emissions (higher mixing ratios detected
from the occupied chamber in comparison with the
unoccupied chamber) were selected to calculate their OH
reactivity. The uncertainty of the calculated OH reactivity
(∼30%) was determined from the propagation of the
uncertainty of the measured concentration Xi (10−50%) and
the error in the rate coefficient of the reaction between i and
OH (ki+OH, 10−100%). The comparison between the total
measured OH reactivity and the calculated OH reactivity
allows verification of whether all of the OH-reactive VOCs
were identified and quantified. As discussed in Wang et al.,34

the length and material of the sampling system used during the
ICHEAR campaign differed from those used in previous
experiments,8,35 and this may have led to sampling artifacts.
Specifically, in the presence of ozone, adsorption of geranyl
acetone on the main inlet FEP surface may have led to

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

https://doi.org/10.1021/acs.est.1c01831
Environ. Sci. Technol. 2021, 55, 13614−13624

13616

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01831/suppl_file/es1c01831_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


consequent reactions with ozone, decreasing the measured
steady-state concentration of geranyl acetone and increasing
that of 6-MHO. This artifact would not affect the VOC budget
analysis reported in this work as the OH reactivity and VOCs
were measured with the same sampling system.
Ozone Deposition Velocities on Occupant Surfaces.

The first-order rate constant for O3 loss by all mechanisms, kd,
was calculated based on eq 36

λ= −k
C

C
1d

O3,inlet

O3,outlet

i

k
jjjjj

y

{
zzzzz

(3)

where CO3,inlet is the chamber inlet O3 mixing ratio, CO3,outlet is
the chamber outlet O3 mixing ratio, and λ is the air change
rate. For an occupied chamber, O3 loss is dominated by
deposition to the occupants; in this case, the loss rate constant
in eq 3 is equal to that associated with the occupant, kocc. For
experiments in which only clean or soiled t-shirts are present in
the chamber, O3 loss is dominated by deposition to clothing
and the removal rate constant is kcloth,only. Ozone removal
associated with chamber surfaces was negligible compared to
that on occupants or clothing surfaces (kchamber = 0.15−0.17
h−1 33,35). For surface removal, each rate constant can be
expressed as the product of a mass transfer coefficient
(deposition velocity, v) and the area of the reactive surface,
A, divided by the chamber volume, V. Therefore

λ
ν

− =
C

C
A

V
1O3,inlet

O3,outlet occupied

occ occ
i

k
jjjjj

y

{
zzzzz

(4)

where the subscripts refer to occupants (occ). The deposition
velocity to the four occupants, νocc, can be solved directly from
eq 4 using the total body surface area (BSA) of the participants
calculated according to Du Bois and Du Bois46 (7.3 m2 in
agreement with the average BSA 1.9 m2 of a healthy adult47).
For an experiment with clothing only (no occupants) in the
chamber, vcloth,only can be solved directly from eq 5, where
Acloth,only is 0.7 m2 per medium-sized shirt times the number of
shirts deployed in the chamber.

λ
ν

− =
C

C

A

V
1O3,inlet

O3,outlet cloth only

cloth,only cloth,onlyi

k
jjjjj

y

{
zzzzz

(5)

Reactivity-Influencing Factors. Dominance analysis is
designed to determine the relative importance of one variable
over another in a given data set.48,49 It measures the relative
importance in all possible subset models in a pairwise manner
(in total 2n − 1 models, n: number of variables), i.e., all pairs of
variables are compared.50 The dominance of one variable over
another is calculated by comparing their incremental R2

contributions over the complete data set.48,49 In this study,
dominance analysis (in Python) was applied to determine the
relative importance of a set of target variables discussed in the
manuscript for the total OH reactivity and the OH reactivity of
some important reactive VOCs associated with dermal
emissions. Specifically, the following target variables were
tested: indoor O3 concentration, indoor air temperature and
relative humidity, clothing, age, and volunteer group (six
variables). Ozone, temperature, RH, and clothing factors are
discussed in this manuscript, while age and volunteer groups
were discussed in Wang et al.34 The clothing factor was used to
distinguish between volunteers wearing long clothing or short
clothing. As the age factor, the average age of the volunteers
occupying the chamber was used. The volunteer group factor
was used to distinguish between the five different groups of
subjects occupying the chamber during the ICHEAR experi-
ments. Steady-state values of OH reactivity, O3, temperature,
and RH data were used in these analyses. The data set
comprised all experiments performed during the ICHEAR
campaign on whole body emissions. For long experimental
days, both morning and afternoon steady-state values were
used separately in the analyses (n = 33).33

■ RESULTS AND DISCUSSION

Ozone and Clothing Effect. Experiments (6), (7), (8),
(9) and their respective replicates (21), (22), (23), (24)
(Table S1), all conducted with volunteer group A2, probed
differences in OH reactivity from occupant emissions under
different clothing conditions. During these experiments, the
chamber air temperature was moderate (set point 25 °C) and
its relative humidity low (set point 25%). Figure 1 shows the
measured total OH reactivity (filled bars) and the summed
calculated OH reactivity (empty bars) averaged over the final
15 min of each experiment (emissions at steady state33) for
each condition: long clothing before O3 addition (6 and 21
morning); long clothing with O3 added after emissions reached

Figure 1. (a) Measured OH reactivity from occupant emissions at steady state. Experiments involved the same four adult volunteers occupying a
chamber wearing long clothing or short clothing, under the same conditions on different days. Two replicates were done for the same condition
with the same volunteers on different days (n = 2). Ozone was absent (red), introduced to the chamber when VOC reached SS (blue), or
introduced to the chamber from the start of the experiment (black). (b) Measured (filled bars) and calculated (empty bars) OH reactivity from
occupant emissions at steady state. Each bar corresponds to the mean among SS values between the two replicates conducted for each condition.
Error bars indicate the method uncertainties (∼48% for measured reactivity, ∼30% for calculated reactivity). Steady-state values were determined
during the last 15 min before occupants left the chamber.
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SS (6 and 21 afternoon); long clothing with O3 present from
the start of the experiment (7 and 22); short clothing before
O3 addition (8 and 23 morning); short clothing with O3 added
after emissions reached SS (8 and 23 afternoon); and short
clothing with O3 present from the start of the experiment (9
and 24).
With O3 present, the measured total OH reactivity for the

same group of volunteers ranged between 25 ± 2 and 35 ± 0.2
s−1 (mean value across replicates ± 1 standard deviation). In
the absence of O3, the OH reactivity was smaller (8 ± 3 to 11
± 7 s−1 for short and long clothing) consistent with the
experiments examined in Wang et al.34 Differences in OH
reactivity for O3-free conditions are attributed primarily to
variability in isoprene (C5H8) emission rates33 (differences in
measured OH reactivity up to 24% and in calculated OH
reactivity up to 22%). In the presence of O3, the measured OH
reactivity between replicates agree within 1−18%. A similar
agreement was observed for the respective calculated values
(agreement within 1−18%, uncertainty on measurements
∼48%, uncertainty of calculations ∼30%). The replicates
suggest that small differences in VOC emissions were present
within the same group of volunteers on different experimental
days.
For both clothing conditions, an increasing trend of OH

reactivity was observed when O3 was introduced after steady-
state conditions had been reached (29 ± 5 and 35 ± 0.2 s−1,
mean measured OH reactivity for long and short clothing and
standard deviation among replicates, respectively), compared
to when O3 was introduced from the start of the experiment
(25 ± 1.5 and 31 ± 2.4 s−1, mean measured OH reactivity for
long and short clothing, respectively); see Figure 1. Differences
were statistically significant (p < 0.05, paired sample t-test)
when occupants wore short clothing. With O3 present, the OH
reactivity was significantly larger with short clothing compared
to the condition when long clothing was worn (p < 0.05, paired
sample t-test).
As shown in Figure 1, differences between the measured

total OH reactivity and the summed OH reactivity from the
individually measured compounds are not significant, meaning
that for the investigated conditions the reactive VOC budget,
within the margin of uncertainty, is closed. Figure S1 examines
the OH reactivity per chemical compound class, divided into
hydrocarbons, alcohols, carboxylic acids, aromatic oxygenated
compounds, carbonyl compounds, other oxygenated com-
pounds, nitrogen-containing compounds, and sulfur-containing
compounds (Table S2). In the absence of O3, when occupants
wore long clothing, hydrocarbons (mainly represented by
isoprene) explained 79% of the total OH reactivity, followed
by carbonyls (15.7%, mainly formaldehyde, acetaldehyde, 1,4-
butanedial, 6-MHO, 4-OPA, and geranyl acetone), other
oxygenated compounds (1.45%), aromatics (1%), alcohols
(1%), sulfur-containing compounds (0.8%), carboxylic acids
(0.7%), and nitrogen-containing compounds (0.4%). Small
differences were reported in the absence of O3, when
occupants wore short clothing (hydrocarbons, carbonyls, and
nitrogen-containing compounds explained 76%, 17%, and 1.2%
of the OH reactivity, respectively). In the presence of O3, and
with occupants wearing long clothing, their OH reactivity was
explained by carbonyls (59%), hydrocarbons (34%), others
(2.8%), aromatics (1.7%), carboxylic acids (1%), sulfur-
containing compounds (0.5%), alcohols (0.4%), and nitro-
gen-containing compounds (0.3%). When occupants were
wearing short clothing, carbonyls explained 65% of the total

OH reactivity, followed by hydrocarbons (27.4%), others
(2.9%), aromatics (2%), carboxylic acids (1.2%), sulfur-
containing compounds (0.8%), nitrogen-containing com-
pounds (0.3%), and alcohols (0.3%).
In terms of specific species, when long clothing was worn

and O3 was present from the start of experiments, the
compounds most influencing the reactivity were 6-MHO
(C8H14O, 9.4 ± 2.2 s−1) and isoprene (C5H8, 9.3 ± 1.3 s−1),
followed by 4-OPA (C5H8O2, 1.8 ± 0.4 s−1), 1,4-butanedial
(C4H6O2, 1.4 ± 0.3 s−1), and acetaldehyde (C2H4O, 1.4 ± 0.2
s−1); values in parentheses correspond to the OH reactivity ±
1 standard deviation reported for the experimental replicates of
the same condition (Table S3). In comparison, when O3 was
added after the gas-phase concentration of occupant emitted
compounds reached steady state (afternoon), compounds
related to dermal emissions such as geranyl acetone (0.50 ±
0.06 s−1) and 6-MHO (9.91 ± 0.02 s−1) had a larger OH
reactivity. Carbonyls had an even larger influence on the OH
reactivity for occupants wearing short clothing: 6-MHO (14 ±
0.6 s−1) and isoprene (10.2 ± 0.8 s−1), followed by 4-OPA (3.2
± 0.1 s−1), 1,4-butanedial (2 ± 0.03 s−1), and acetaldehyde
(1.6 ± 0.03 s−1). In the case of occupants wearing short
clothing when O3 was added in the afternoon, the OH
reactivity of some carbonyl compounds, including 6-MHO
(15.3 ± 0.4 s−1) and geranyl acetone (1 ± 0.1 s−1) further
increased. Figure 2 shows the time series of 6-MHO, 4-OPA,
and geranyl acetone concentrations. A 35−51% increase in the
concentrations of those three compounds is associated with
occupants wearing short rather than long clothing. In the

Figure 2. Concentrations of 6-MHO, 4-OPA, and geranyl acetone
measured in the chamber occupied from 9:30 by four adults wearing
long/short clothing. For each condition, two replicate experiments (N
= 2) were conducted (long clothing conditions (6), (21), short
clothing conditions (8), (23); see Table S1). The dashed line
indicates when ozone was mixed into the chamber air. The dips
correspond to measurements of the chamber supply air.

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

https://doi.org/10.1021/acs.est.1c01831
Environ. Sci. Technol. 2021, 55, 13614−13624

13618

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01831/suppl_file/es1c01831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01831/suppl_file/es1c01831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01831/suppl_file/es1c01831_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01831?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01831?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01831?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01831/suppl_file/es1c01831_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01831?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


presence of O3, clothing coverage of bare skin significantly
influences the OH reactivity.
Depending on the clothing worn and the timing of the O3

introduction to the chamber, four cases can be distinguished:
(i) clean long clothing worn just prior to O3 exposure (O3
from start), (ii) long clothing worn for ∼3 h prior to O3
exposure (O3 from SS), (iii) clean short clothing worn just
prior to O3 exposure (O3 from start), and (iv) short clothing
worn for ∼3 h prior to O3 exposure (O3 from SS). The O3
deposition velocity on the occupants (νocc) was calculated for
each of these cases to investigate whether the observed OH
reactivity and VOC mixing ratios are compatible with bare
skin-surface-to-clothed-surface area, and how clothing cleanli-
ness influences emission (Table S4). Ozone deposition
velocities calculated in our experiments are close to the
upper limits of values previously reported in the literature8,20

for similar conditions. This is due to possibly higher air mixing
achieved by the fans in the chamber. When O3 was added in
the chamber from steady state in the afternoon (and occupants
had been wearing the clothes for a longer time), O3 deposition
velocity showed a small increase, while a larger increase and
consistent trend was reported for kocc, VOC concentrations,
and OH reactivity (Table S4). The yield was presumably
enhanced by the presence of skin flakes or skin oil deposited
on the clean clothing during the day, in agreement with the
results reported by Lakey et al.51

In comparison, the O3 deposition velocity of four clean t-
shirts (6.9 m/h) and four soiled t-shirts (9.4 m/h), exposed to
O3 in the chamber are reported in Table S5. Results are in
agreement with values reported in the literature18,19,52 but are
substantially lower than those measured for the clothed
occupants in this study. We observed very little difference in
O3 removal for occupants wearing long or short clothing;
therefore, the deposition velocity of clothing that is being worn
is nearly the same as that of skin but higher than that of the
clothing that was tested on its own. It is possible that the
deposition velocity for clothing worn by people is higher
because of enhanced convection around a body. The measured
total OH reactivity of clean clothing was below the limit of
detection (5 s−1) and of soiled clothing was 7 ± 3 s−1. The
total OH reactivity of clothing and occupants depends on
concentrations of the most reactive compounds generated
from O3-initiated chemistry with skin oil. This chemistry
depends on the O3 concentration inside the chamber and the
mass-transport limited O3 flux to surfaces. Taking this into
account, the OH reactivity is expected to scale with O3
concentration in an occupied, or recently occupied indoor
environment.
Effect of Temperature and Humidity. To assess the

effect of temperature and humidity, conditions (1), (4), and
(2)33 (Table S1) are examined in Figure 3, for the measured
total OH reactivity, summed calculated OH reactivity, 6-
MHO, 4-OPA, and geranyl acetone OH reactivities. Specifi-
cally, four adult volunteers (group A1) occupied the chamber,
wearing long clothing, at moderate air temperature (set point
25 °C) and low RH (set point 25%), at high temperature (set
point 31 °C) and low RH, and at high temperature and RH
(set point 65%); the actual temperatures were higher than the
set points (see Table S1). In all cases, O3 was added to the
chamber air after the occupant VOC emissions reached steady-
state condition. Similar to the case of clothing, OH reactivity
increased when O3 was present due to the presence of reactive
carbonyls generated from skin ozonolysis reactions. With O3

present, the total OH reactivity measured at steady state (15
min before end of the exposure) varied between 41 s−1

(moderate temperature, low RH) and 63 s−1 (high temper-
ature, high RH). For each positive change in condition
(increased air temperature, increased relative humidity), higher
concentrations of reactive compounds were present. In all
three cases, the reactive VOC budget was closed within the
margin of uncertainty (Figure 3).
The classes of chemical compounds contributing to the total

OH reactivity and their mixing ratios are shown in Figure 4. At
a moderate temperature and a low RH, the dominant reactive
compounds were carbonyls (51%), followed by hydrocarbons
(41%), others (2.3%), aromatics (1.5%), nitrogen-containing
compounds (1.4%, 96% of this fraction is represented by
NH3), carboxylic acids (1%), sulfur compounds (0.6%), and
alcohols (0.5%). In contrast to the OH reactivity, the total
mixing ratio of the chemical compounds, which depends only
on the abundance of the measured chemicals, is dominated by
nitrogen-containing compounds, specifically by ammonia
(NH3, 58%), carbonyl compounds (30%), alcohols (3.8%),
carboxylic acids (3.4%), hydrocarbons (3.2%), others (0.5%),
aromatics (0.3%), and sulfur compounds (0.2%). The reader
should note that NH3 measurements were not available during
the experiments involving group A2 (O3 and clothing effect).
Results reported in Figure S1 (group A1) and Figure 4 (group
A2) are in agreement, within the variability between groups
observed in Wang et al.34

Figure 3. Measured and calculated OH reactivity from four adults
occupying the chamber from 9:30, wearing long clothing, exposed to
moderate or high temperature (T), and low or high humidity (RH).
Ozone was added to the chamber air when occupant emissions
reached steady state (dashed vertical line). Total measured and
calculated OH reactivities are reported with their associated method
uncertainties, 48 and 30%, respectively. 6-MHO, 4-OPA, and geranyl
acetone (GA) OH reactivities are reported with the gray area and
colored lines, respectively. Missing data points for the first 1.5 h in the
bottom panel are due to instrument failure. The dip in the experiment
at a high T and a low RH corresponds to the measurement of the
chamber supply air.
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A small increase in temperature (at low RH), leaves the
speciation of OH reactivity almost unchanged relative to the
base case (the total hydrocarbon and carbonyl fractions OH
reactivities increase, respectively, by 5.5 and 3 s−1). In contrast,
the fractional mixing ratio is remarkably different, with the
fraction of nitrogen-containing compounds (primarily NH3)
increasing to 78%. The temperature-dependent emissions of
ammonia were reported by Li et al.43 for the same experiments.
The fractional contribution of other groups of compounds to
the total mixing ratio decreased with increasing temperature
(Figure 4). However, an increase in concentration was seen for
geranyl acetone, a primary product of squalene ozonolysis, and
6-MHO, which is both a primary and secondary product of the
reaction between squalene and O3 (Figure S2). Given the
relatively small changes in absolute temperature in the
chamber, changes in the gas-phase rate coefficients are
anticipated to be small. Higher temperatures will increase the
volatility of compounds from all surfaces in the chamber.
However, human skin surface temperature changes are
modulated metabolically. Increased sweat production will
increase water vapor at the skin surface, favoring production
of carbonyls over less volatile secondary ozonides.24 Further,
sweat may alter the metabolic activity of the skin microbiome,
resulting in a different suite of microbial emissions. At a high
temperature and a high RH, carbonyl compounds dominated
the total OH reactivity (58%), followed by hydrocarbons
(35%), nitrogen-containing compounds (3%, of which 98% is
NH3), others (1.3%), carboxylic acids (1.2%), S-compounds
(1%), alcohols (0.4%), and aromatics (0.3%). The total
concentration instead, was dominated by NH3 (75%, 99.5% of
the total concentration of nitrogen-containing compounds),
carbonyls (+3% compared to low RH), and carboxylic acids
(+0.6%). With respect to the base case (moderate temperature,
low RH), the steady-state 6-MHO concentration increased by
9% with the increase in temperature and by 27% with the
increase in temperature and RH. Geranyl acetone concen-
tration increased by 27% with the increase in temperature and
54% with the increase in temperature and RH. The 4-OPA

concentration did not increase significantly (<1%) when
temperature increased, while it increased by 34% when
temperature and RH increased (Figure S2). The results from
this study are in agreement with the study from Arata et al.24

for heterogeneous ozonolysis of squalene in a flow tube and
skin oils on soiled t-shirts in the same climate chamber, where
higher RH caused a greater yield of carbonyls from the Criegee
intermediates of the squalene-O3 reaction.

OH Reactivity-Influencing Factors. A dominance
analysis was conducted to investigate the relative importance
of the factors discussed in this study (indoor O3 concentration,
clothing, temperature, and humidity) and in Wang et al. (age
and group variability),34 for the total OH reactivity and
individual OH reactivities of geranyl acetone, 6-MHO, and 4-
OPA. The analysis aims at identifying the main drivers of
human OH reactivity indoors through the relative importance
of the target variables (see the Methods section). The OH
reactivity data set comprises experiments conducted on whole
body emissions of four volunteers occupying the chamber.33

The target factors varied in the following experimental ranges:
indoor O3 concentration: 0−44.2 ppb; air temperature: 26−
32.8 °C, air humidity: 18−63%, clothing coverage: short/long;
age group: teenager/adult/senior; and five different groups of
volunteers: A1, A2, A3, T4, S5.33

The dominance analysis of total OH reactivity (Figure S3)
shows that O3 has the largest impact on the total OH reactivity
(85%), followed by clothing (6%), variability between the
groups of subjects occupying the chamber (group factor),
temperature and humidity having comparable impact (2.5−
3%), while the age of volunteers has a negligible impact in
comparison. Ozone initiates surface reactions with skin lipids
generating reactive VOCs whose OH reactivity is represented
under the total OH reactivity term. When the same analysis is
conducted without O3 as a target variable, the ranking of the
other factors is preserved. The skin-related compounds,
namely, geranyl acetone, 6-MHO, and 4-OPA, have OH
reactivities influenced mostly by the factors O3 and clothing. 6-
MHO, which is both a primary and secondary product of

Figure 4. Speciated total OH reactivity (top row) and speciated total mixing ratios (bottom row) measured at the steady state with O3 present;
four adults wearing long clothing occupied the climate chamber at various temperatures (T) and relative humidities (RH). Total OH reactivities
represented in the pie charts in the top row are 32 ± 10, 41 ± 12, and 40 ± 12 s−1, for the three cases, moderate T and low RH, high T and low
RH, and high T and high RH, respectively. Total mixing ratios represented in the pie charts in the bottom row are 190 ± 13, 405 ± 33, and 393 ±
32 ppb, for the three cases, moderate T and low RH, high T and low RH, and high T and high RH, respectively. The size of the pie charts is scaled
to the total values, different scales are used between pies representing OH reactivity and pies representing the mixing ratios. Steady-state values
were determined during the last 15 min before occupants left the chamber.
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squalene ozonolysis, and 4-OPA, a secondary product only, are
considerably more influenced by O3 than geranyl acetone, a
primary product of squalene ozonolysis. Among clothing,
temperature, and humidity, the analysis finds that clothing is
the most important factor. In our experiments, the clothing
effect was examined with group A2, while temperature and
humidity were examined with group A1. Total OH reactivity of
group A1 emissions was higher than the total OH reactivity of
group A2 emissions, masking the relative importance of the
clothing factor compared to humidity and temperature. The
squalene reduction observed from the skin wipes sampled
before and after each experiment from the individuals in
groups A1 and A2 is in general agreement with the total OH
reactivity. That is, a larger reduction in squalene is observed for
the higher reactivity (up to 77% reduction of squalene for up
to 63 s−1 OH reactivity), and a larger reduction is observed in
A1 (68% on average) than A2 (20% on average).
These results highlight the importance of skin emissions and

their ozonolysis products for the OH reactivity of human
occupants indoors, their variability with temperature, relative
humidity, and clothing, and ultimately their importance for
indoor air quality.
Outdoor to indoor transport of O3 and exposed skin surface

area are especially important factors. On a hot summer day
spent indoors in a city with high concentrations of ground-level
O3, more ventilation (increasing indoor O3), or less clothing
(increasing O3 flux to bare skin) may be necessary to improve
comfort. If more people occupy the same indoor environment,
the effect on indoor air chemistry will be further amplified. 4-
OPA and 6-MHO are known respiratory irritants,53,54 while
the concomitant effect of exposure to multiple chemicals and
the risk to certain population sectors is yet unknown.55

Remarkably, the indoor OH reactivity measured here for the
first time was comparable to the OH reactivity measured in a
variety of outdoor environments, including cities56−58 and
forests.58,59

Current Results in Relation to the Findings from
Wang et al. and Previous Studies. Results reported in
Wang et al.34 comprised experiments (1), (6), (21), (10),
(18), (26), (16), (25), (12), and (13); results from the current
study comprise experiments (1), (2), (4), (6), (7), (8), (9),
(21), (22), (23), and (24).33 Recall that Wang et al.34 analyzed
the OH reactivity of isolated breath and dermal emissions as
well as whole-body emissions from volunteers of different age
groups in the presence and absence of ozone and found that
the OH reactivity could be accounted for by the trace gases
measured and that it was sensitive to ozone but not to age. The
current study focuses on the impact of varied environmental
factors on two groups of adult volunteers, as well as
reproducibility for sets of duplicated experiments. Results
from these experiments have not been previously reported and
are particularly relevant to the dependency of human OH
reactivity on the absence or presence of O3, and the change in
the OH reactivity of human emissions with changes in skin
coverage by clothing, air temperature, and relative humidity.
Skin coverage by clothing and worn/soiled clothing play an
important role in the ozonolysis of skin-oil constituents. The
role of clothing has been previously investigated in a number of
O3 and VOCs experiments,18,21,52,60 modeling studies19,51 and
now through measurements of occupant OH reactivity (this
work). Additionally, to our knowledge, this is the first study
reporting the effect of temperature on occupant VOC
emissions and their OH reactivity. The experimental

reproducibility of OH reactivity measurements across
replicated experiments (6−21, 7−22, 8−23, and 9−24)
reported in this work demonstrates that this technique can
be used with confidence in indoor air studies. With O3 present,
the standard deviation among steady-state values was <18%,
and the method uncertainty was ∼48%. With O3 absent, the
mean measured OH reactivity was 10 ± 2 s−1 and the standard
deviation among the steady-state reactivity values was 24%,
which is mainly explained by the increased uncertainty of the
method for measuring OH reactivity when values are close to
the instrumental limit of detection.42
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