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A B S T R A C T

Reactive chemistry is ubiquitous indoors with a wealth of complex oxidation reactions; some of these are in-
itiated by both homogeneous and heterogeneous reaction of ozone with unsaturated organic compounds and
subsequent the hydroxyl radical, either in the gas-phase or on reactive surfaces. One major focus has been the
reaction of common and abundant terpene-based fragrances in indoor air emitted from many wood-based ma-
terials, a variety of consumer products, and citrus fruits and flowers. Inhalation of the terpenes themselves are
generally not considered a health concern (both acute and long-term) due to their low indoor air concentrations;
however, their gas- and surface reactions with ozone and the hydroxyl radical produce a host of products, both
gaseous, i. a. formaldehyde, and ultrafine particles formed by condensation/nucleation processes. These reaction
products may be of health concern. Human cell bioassays with key reaction products from ozone-initiated ter-
pene reactions have shown some inflammatory reactions, but results are difficult to interpret for human ex-
posure and risk assessment. Acute effects like sensory irritation in eyes and airways are unlikely or present at
very low intensity in real life conditions based on rodent and human exposure studies and known thresholds for
sensory irritation in eyes and airways and derived human reference values for airflow limitation and pulmonary
irritation. Some fragrances and their ozone-initiated reaction products may possess anti-inflammatory proper-
ties. However, long-term effects of the reaction products as ultrafine particles are poorly explored. Material and
product surfaces with high ozone deposition velocities may significantly impact the perceived air quality by
altered emissions from both homogeneous and heterogeneous surface reactions.

1. Introduction

In the search for eye and airway irritants (mucous membrane irri-
tation) in office-like environments it was realized that concentration
levels of typical volatile organic compounds (VOCs) and formaldehyde
were far below thresholds for sensory irritation to account for reported
eye and airway symptoms (Wolkoff et al., 1997). Thus, the “reactive
chemistry” hypothesis was created by the fact that common and
abundant indoor fragrances, applied in numerous cleaning and con-
sumer products, like mono-terpenes, undergo ozone-initiated reactions
fast enough indoors to compete with the air exchange rate (AER)
(Weschler and Shields, 1997, 2000). Initially, the hypothesis was sug-
gested by Stirling and Stirling (1983), but it was later prompted by the
observation that loss in total VOC raised the level of formaldehyde si-
multaneously with an increase in reported symptoms in offices (Sundell
et al., 1993); Wolkoff (1995) further discussed these findings. The focus
on these ozone-initiated reactions is further encouraged by the ground-
level increase of ozone by the global climate change (Vingarzan, 2004;
Fann et al., 2015).

The ozone-initiated reaction of terpenes produces a host of new
oxygenated volatiles, e.g. formaldehyde (Calogirou et al., 1999;

Atkinson and Arey, 2003), and of which some multi-oxygenated com-
pounds (e.g. dicarbonyls, peroxides) condense forming ultrafine sec-
ondary organic aerosols (SOA), e.g. (Glasius et al., 2000; Walser et al.,
2008). Some of the SOA may also adsorb/condense onto existing par-
ticles or nucleate. Ozone-initiated terpene reactions also produce the
hydroxyl radical, which rapidly reacts further with VOCs; in general, to
form a complex mixture of new oxygenated VOCs, see Fig. 1. Further-
more, hydrogen peroxide is formed in small amounts (Atkinson and
Arey, 2003; Weinman et al., 2000) and secondary ozonides, e.g.
Nørgaard et al. (2007). In view of this new hypothesis, considerable
effort has been carried out to explore the airway toxicology of ozone-
initiated terpene reactions by animal biossays, human lung cell studies,
and human exposure studies.

Emission studies have also reported how exposure of building ma-
terials and treated surfaces to ozone alters their emission profile and
may influence the perceived air quality (PAQ). Furthermore, skin-oils
and other human debris may likewise react with ozone and produce
new oxygenated compounds (Weschler, 2015).

The purpose of this overview is to try to discuss whether gas-phase
ozone-initiated mono- and sesqui-terpene chemistry can cause acute
eye and upper and lower airway (pulmonary) effects in office-like
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environments. Furthermore, briefly to review how terpene-related
surface reactions may alter the PAQ. Thus, indoor chemistry in a
broader perspective, as recently reviewed by Weschler and Carslaw
(2018), is excluded from this overview. Thus, this overview is an ex-
tension and update of previous findings reported by Wells et al. (2017),
Weschler (2015), Wolkoff (2013), and Wolkoff and Nielsen (2017).

2. Experimental studies

2.1. Modeling studies

Detailed mechanistic gas-phase model studies have been carried
out. The studies apply real species and involving oxidation reactions of
major indoor VOCs like limonene from use of a cleaning product in a
residence with defined AER and work plan; furthermore, indoor
lighting conditions are involved in the model. In the first study that
involved 46 indoor VOCs estimated peroxy acetyl nitrate to be in the
order of a few ppb at an AER of 2 h−1 (Carslaw, 2007). In a second
study that mimicked a high ozone (50 ppb; 100 μg/m3) cleaning si-
mulation for 30 min with a maximum limonene concentration of
160 ppb (891 μg/m3) resulted in total average concentrations of for-
maldehyde, 4-acetyl-1-methylcyclohexene (4-AMCH) and 3-iso-
propenyl-6-oxo-heptanal (IPOH) of 41, 23 and 13 μg/m3, respectively,
including about 3 μg/m3 hydrogen peroxide (Carslaw, 2013). This
study also predicts that SOA are dominated by peroxide and nitrated
species, likely to condense onto existing particles.

During extreme climate conditions in European offices for-
maldehyde, 4-AMCH, IPOH, and 4-oxo-pentanal (4-OPA) were modeled
at low/high AER and cleaning versus no cleaning in the morning or late
afternoon by use of the detailed indoor air chemistry model using li-
monene as reactive model VOC. Average concentrations of for-
maldehyde, 4-AMCH and IPOH were found slightly higher by late
afternoon cleaning (relative to morning cleaning) at 20, 17, and 19 μg/
m3, respectively, and 27 ppb indoor ozone (54 μg/m3) at 1.5 AER
(Terry et al., 2014). The predicted levels are above those measured in
other European offices by Nørgaard et al. (2014a), see Table 1. Levels,
that are more in line with the measured concentrations, were predicted
from cleaning in the morning at 4.7 ppb (9 μg/m3) ozone; this resulted
in 8, 2.5, and 8 μg/m3 of formaldehyde, 4-AMCH, and IPOH, respec-
tively. 4-OPA was insignificant in both model studies, thus indicating
other sources, which include surface reactions, cf. Nørgaard et al.
(2014a) and Xiong et al. (2019).

Surface reactions on skin and breath in context of school classrooms
have been modeled. About 20 ppb ozone decreases to 14 ppb, which
estimated formic and acetic acid, and 4-OPA at levels of 0.8, 0.5, and
0.1 ppb, in the presence of pupils (Kruza and Carslaw et al., 2017). In a
follow-up study, nonanal (5–7 ppb) was predicted to be the most im-
portant aldehyde derived from ozone-initiated surface reactions with
painted walls in an apartment, and with predicted levels of nonanal,
decanal and 4-OPA at 0.5, 0.7, and 0.7 ppb, respectively, from human
skin reactions (Kruza et al., 2017); similar levels were found by Xiong
et al. (2019). The concentration of the aldehydes, acids, and 4-OPA are
far below any concern of acute eye and upper airway effects (Wolkoff
et al., 2013, 2014; Nielsen, 2018).

2.2. Emission studies

Many studies have shown how exposure of building materials and
consumer products to ozone produces a host of new oxygenated species,
small acids, formaldehyde and longer-chain aldehydes, and ultrafine
particles, see Salthammer and Bahadir (2009). The reactions are either
homogeneous in the gas-phase or heterogeneous on surfaces. The
classic study is the exposure of a carpet to ozone, which reacts with
residual unreacted compounds in the latex backing (Weschler et al.,
1992). Both formic and acetic acids emit from exposed latex paints
(Reiss et al., 1995). The exposure of ozone to various building mate-
rials, insulation materials, and floor dust generally enhance the emis-
sion of longer-chain saturated aliphatic aldehydes (e.g., Nicolas et al.
(2007); Poppendieck et al. (2007); Gall et al. (2013); Vibenholt et al.
(2014); Chin et al. (2019)), including unsaturated aldehydes (e.g.,
Morrison and Nazaroff, 2002), keto-aldehydes from cleaning products
(e.g., Singer et al., 2006), formaldehyde from essential oils (e.g., Huang
et al., 2012), and ultrafine particles, e.g. Coleman et al. (2008b),
Lamorena et al. (2006, 2008), Sarwar and Corsi (2007), Toftum et al.
(2008), and Schripp et al. (2012). Heterogeneous surface reactions also
add to the production of both new gas phase and SOA. For instance,
reactions initiated on a cleaned PVC floor (Ham and Wells, 2011),
materials and clothing, e.g. Coleman et al. (2008a), Palmisani et al.
(2020), and Xiong et al. (2019), and skin-oils (Weschler, 2015).

Overall, ozone exposure will alter the composition of VOCs, either
emitted from surface, present on the surface or coated on surfaces, thus,
altering the PAQ, see below. Generally, the elevated concentration of
produced VOCs, e.g. nonanal, will be one to three orders of magnitude
below their thresholds for sensory irritation in eyes and airways

Fig. 1. Major oxidation products from ozone-initiated reactions with common mono-terpenes in fragrances, essential oils, and with human debris; for reaction with
limonene see detailsin Figs. 1 and 2 in Carslaw (2013).
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(Wolkoff, 2013). Thus, the AQ perception will be altered, but the
change is unlikely to cause mucous sensory irritation symptoms in the
eyes and upper airways.

2.3. Human lung cell effect in-vitro studies

The exposure of human bronchial epithelial cells (BEAS-2b) to
magnetic nanoparticles coated with SOA generated from α-pinene or
terpinolene showed minor elevation of IL-8, among many inflammatory
markers; effects were absent for the SOA or the nanoparticles alone or
clean air (Jang et al., 2006). Exposure of human lung epithelial cells
(A549) to ozone-initiated non-denuded reaction mixtures with α-ter-
pineol or limonene showed no biological effects at levels that mimic
indoor air (Anderson et al., 2010, 2013).

In summary, the overall effect(s) of ozone-initiated terpene reaction
mixtures, which included release of inflammatory markers, appear to be
of minor importance for those investigated. Recently, specific ozone-
limonene initiated reaction products have been tested for inflammatory
effects and oxidative stress in human bronchial and alveolar epithelial
cells (Lipsa et al., 2016, 2018). Unfortunately, opposite effects are ob-
served between cell lines, and thus it is difficult to interpret and gen-
eralize; however, 4-OPA appears the strongest destructor of cell viabi-
lity, while IPOH showed strongest potency for induced inflammation. It
is, however, not possible to extrapolate the above results to real life
conditions. 4-OPA as a strong destructor of cell viability may somehow
be compatible with bronchoconstriction (airflow limitation) observed
in exposed mice, see 2.4.

2.4. Animal exposure effect studies for health assessment

A number of acute airway effect studies of ozone-terpene reaction
mixtures in rodents and humans have been reviewed (Rohr, 2013;
Wolkoff and Nielsen, 2017). The major effects were sensory irritation in
the upper airways with some minor effect observed in the conducting
airways, while inflammation was not observed. For instance, bronch-
oalveolar lavage (BAL) in mice exposed repeatedly to ozone-initiated
limonene oxidation products for 10 days showed no signs of in-
flammation and did not cause elevated development of airflow limita-
tion or inflammation in the airways; sensory irritation was the major
effect observed (Wolkoff et al., 2012). Based on the study, it was con-
cluded that ozone<200 μg/m3 (0.1 ppm) would be safe for sensory
irritation, even at high levels of limonene. About 75% of the sensory
response could be assigned to formaldehyde and residual limonene
(Wolkoff et al., 2008); however, moderate airflow limitation (bronch-
oconstriction) was also observed (Rohr et al., 2002; Wolkoff et al.,
2008). The ozone-initiated limonene products in a reaction mixture
showed no biological response from denuded SOA regarding sensory
effects or airflow limitation (Wolkoff et al., 2008). In contrast to ozone
alone, the ozone-limonene reaction mixture did not induce neither in-
flammatory nor genotoxic effects (Bornholdt et al., 2002).

In another study, F344 rats and ApoE−/− mice were exposed for
seven days to denuded α-pinene-SOA derived from UV radiation of a
mixture of nitrogen dioxide (+/− sulfur dioxide) and α-pinene
(McDonald et al., 2010). Pulmonary inflammation was not observed in
either mice or rats; the authors suggested the gaseous products to be of
concern rather than the SOA. Furthermore, the biological response was

Table 1
Measured and modeled maximum concentrations (μg/m3) in aircraft cabins, classrooms, modeling studies, and offices of limonene/terpene ozone-initiated reaction
products, and guideline and threshold values for effects in eyes and airways.

Study Limo nene Formic acid Acetic acid Formalde-hyde Acro lein 4-AMCH IPOH 6-MHO 4-OPA Ozone

Aircraft cabins
Dechow et al. (1997) 30 35
Pierce et al. (1999) <5 <1.5
Rosenberger et al. (2015)a 44 6 300
Wang et al. (2014b)b 660 23 21
Weisel et al. (2013) 73 ~160
Weschler et al. (2007) 34 39 ~130

Classrooms
Fischer et al. (2013) 1 3 75
Xiong et al. (2019) 4 2 64

Modeling
Carslaw (2013)c (chemical box) 978 51 28 65 100
Carslaw et al. (2017) (classroom) 3 < 1 <1
Kruza and Carslaw (2017) (classroom) 1 1 4–6
Kruza et al. (2017) (bedroom at night) 3
dTerry et al. (2014) (offices) 1210 26 55 24 58

Offices
Nørgaard et al. (2014a) 52 24 1 14 8 21 37
Salonen et al. (2009) 240 610e 44 4
Wisthaler and Weschler (2010)f 9 12 8 66

Ventilation filters
Destaillats et al. (2011) 47

Guideline and threshold values 90,000g 5000g 100g 21g 1130h 1100g 1550g 123h 100i

a From 44 measurements in Airbus A321.
b Fourth quartiles concentration in 14 flights.
c Gas-phase modeled maximum concentrations after cleaning event, AER = 0.5 h−1 (Table 4).
d Peak concentrations after a late afternoon cleaning event in offices (Table 5; AER = 1.5 h−1).
e Possibly, in part an analytical artifact.
f AER = 1 h−1.
g Value for sensory irritation (Nielsen, 2018; Trantallidi et al., 2015; Wolkoff, 2013; Wolkoff and Nielsen, 2010; Wolkoff et al., 2013, 2014).
h Reference value for airflow limitation (Wolkoff et al., 2013, 2014, 2016).
i Pulmonary irritant (World Health Organization, 2006).
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mild, including cardiovascular effects. In general, denuded SOA gen-
erated from 1.7 mg/m3 (306 ppb) α-pinene and 1 mg/m3 (510 ppb)
ozone did not show clear pulmonary or systemic responses in rats ac-
cording to Godelski et al. (2011) or in vivo oxidative stress (Lemos et al.,
2011; Rohr and McDonald, 2016). The only significant finding was a
minor increase of the breathing rate (Diaz et al., 2011); however, dif-
ficult to interpret.

Limonene may act as a scavenger for ozone and ROS (inflammatory
mediators); for instance, as a local scavenger in the airways. Thus, an
anti-inflammatory prophylactic effect of limonene alone has been
shown in rodent inhalation models of allergic inflammation (Keinan
et al., 2005; Hirota et al., 2012; Bibi et al., 2015) and also in a mice
inhalation model for the ozone/limonene system (Hansen et al., 2013,
2016). Anti-inflammatory effects in lungs have also been suggested for
the fragrance linalool (Huo et al., 2013) and other terpenes (Cho et al.,
2017).

2.5. Human exposure studies for perceived air quality assessment

Although PAQ strictly is not directly associated with indoor air
health, it is indirectly and may strongly affect not only well-being, but
may also influence the perception of sensory irritation in eyes and
upper airways; furthermore, PAQ may influence work performance, cf.
Wolkoff (2013). Thus, PAQ is an essential element of the integrated
assessment of indoor air health.

The ozone exposure of materials and products not only consume
reactive VOCs but produce many new secondary VOCs and ultrafine
products of which some may be of health concern, e.g. formaldehyde,
and some may alter the PAQ, either by their different odor hedonics or
low odor thresholds, e.g. unsaturated aliphatic aldehydes, cf. Wolkoff
et al. (2006). In one study, a naïve sensory panel (n = 44) assessed in
random order the emission of two specimen of the same preconditioned
material of which one was exposed to a realistic ozone concentration
(residual = 10 ppb; below odor threshold) and the other clean air
(Knudsen et al., 2003). Out of eight typical indoor materials, the nylon
carpet with latex backing showed a substantial difference in odor in-
tensity, highest for the ozone exposed. Further, the sensory evaluation
of the ozone-exposed carpet was strongly negative as reflected by a
clear dislike. A similar observation was seen among female panel
members, when assessing a carpet exposed to ozone in a climate
chamber (Darling et al., 2012).

2.6. Human exposure studies for health assessment

Six human exposure studies have been carried out under controlled
conditions in climate chambers. The studies aimed to explore both
acute symptoms (sensory reactions) and inflammatory reactions in the
airways. In the first one, young women (n = 130) were exposed to a
typical indoor mixture with 23 VOCs (TVOC = 26 mg/m3), including
α-pinene (162 ppb, 0.9 mg/m3) and limonene (126 ppb, 0.7 mg/m3),
for 140 min in a controlled climate chamber (25 m3, 1.8 h−1). The
subjects’ perception was masked by butyl acetate prior to the exposure.
The mixture was used as such or mixed with ozone resulting in a re-
sidual concentration of 0.08 mg/m3. No sign of inflammatory effects in
nasal lavage was seen (Laumbach et al., 2005). The symptom rating was
marginal and not statistically significant with or without ozone (Fiedler
et al., 2005). The excess of VOCs may have scavenged the effects of the
reaction mixture. Furthermore, the concentration of formaldehyde
(40 μg/m3) was too low to cause in sensory irritation.

In two studies, male subjects (n = 8) were exposed blindly in one
eye for 20 min to a 10 min old ozone-limonene reaction mixture. The
eye blink frequency of the subjects was video-recorded as a physiolo-
gical measure of trigeminal stimulation of the eye (Klenø and Wolkoff,
2004, 2005). Mean blink frequency (mean of complete blinks for 4 min)
increased significantly only during exposure to the reaction mixture
compared with that of limonene or ozone alone, or sham air; the

increase of the eye blink frequency coincided with the qualitative report
of weak eye irritation symptoms. The initial concentrations of ozone
and limonene were in the high-end, 130 and 220 ppb, respectively, and
20% relative humidity. The eye exposure concentrations were 40 ppb
(80 μg/m3) ozone and 75 (455 μg/m3), respectively.

In the fourth study, young non-asthmatic subjects (n = 33) and mild
asthmatics (n = 38) were blindly exposed for 3 h to a steady-state
reaction mixture of maximum 74 μg/m3 (36 ppb) ozone and 200 μg/m3

(37 ppb) limonene in a climate chamber (240 m3; 1 h−1, recirculation 7
h−1) (Fadeyi et al., 2015). The asthmatic subjects perceived sig-
nificantly less nose and throat sensory irritation than the non-asthmatic
subjects did. The rating was less than 15 on a continuous intensity scale
from 0 to 100 with reported 20 = slight irritation. The difference be-
tween the non-asthmatic and asthmatic subjects is compatible with
recent studies with naïve and sensitized mice exposed to formaldehyde
or a reaction mixture of ozone and limonene indicating that “asth-
matics” are less sensitive regarding sensory irritation in the airways
(Larsen et al., 2013; Hansen et al., 2016). The differences in sensory eye
irritation were insignificant; the difference was less than 13 on the in-
tensity scale which is compatible with an expected formaldehyde con-
centration less than 50 μg/m3 (40 ppb) (anticipated 20% reaction
(Atkinson and Arey, 2003)), significantly lower than the threshold for
sensory irritation in the eyes (Wolkoff and Nielsen, 2010). Furthermore,
a stress marker (α-amylase) in saliva increased significantly in both the
normal and asthmatic subjects after the exposure, but significantly
more among the asthmatics. However, it is not clear whether the in-
crease was caused by concern of the PAQ, the experimental set-up
(asthmatics may have elevated stress level by the intense odor), or the
reaction products. The odor of limonene must have been substantial in
view of its odor threshold (Cain et al., 2007). The reported symptoms
are in accordance with Wolkoff and Nielsen (2017).

In the fifth study, high frequency heart-rate variability (index of
parasympathetic activity) was decreased with about 4% in healthy
women (n = 22) exposed (double-blind) to a reaction mixture of li-
monene and ozone for 3 h in a controlled climate chamber (22 m3). The
initial/residual mean concentrations of limonene and ozone were 900/
80 μg/m3 (162/41 ppb) and 80/10 μg/m3 (14/5 ppb), respectively. The
mixture was composed of gaseous products and SOA (mean 80 μg/m3)
(Hagerman et al., 2014). Thus, the initial and residual concentrations of
limonene and ozone were substantially higher than commonly found in
indoor air, but far below those causing sensory irritation or lung reac-
tions (Wolkoff et al., 2012; Wolkoff and Nielsen, 2017). However, the
residual limonene concentration was twice its P50 odor threshold (Cain
et al., 2007); thus, the odor perception of limonene and its reaction
products were intense and possibly unpleasant to some of the subjects.
This may have influenced the parasympathetic tone, in agreement with
Glass et al. (2014); however, the SOA may also have been causative.

In the sixth study, subjects (n = 30), generally healthy except two
with moderate allergic symptoms, were exposed double-blind for 2 h to
mixtures of VOCs emitted from either spruce (control) or pine timber
(test) wooden planks. These were built into a climate chamber (7.2 m3,
0.5 h−1), which was ventilated with filtered outdoor air with a median
ozone concentration about 13 ppb; the exposure was a randomized
cross-over study. The sum of mono-terpene concentrations and (total
VOC), was dominated by α-pinene and 3-carene, were in the control
and test conditions 1 (35) and 172 (288) ppb, respectively. Subjective
and objective measures for the test condition revealed no statistical
effects for sensory irritation in eyes (blink frequency), lung function
(FEV1), and inflammation in the airways (FeNO). Furthermore, the
exposures showed no impact on two psychological behavior tests, like
reaction time and color-word testing (Skulberg et al., 2019).

In summary, the exposure of subjects to near realistic exposure of
ozone-terpene mixtures for about two to 4 h in climate chambers only
indicated very weak sensory irritation in the eyes or not observed.
Further, inflammation was observed neither in nasal lavage nor in ex-
haled air. The short-term eye-alone exposure studies indicate that high-
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end concentrations of ozone and limonene may induce sensory irrita-
tion in the eyes, which may be exacerbated at extended exposure time,
elderly subjects, and low indoor air humidity conditions in accordance
with Wolkoff (2018).

2.7. Human reference values

Human reference values for life-long exposure have been derived
from a mouse inhalation model for key oxygenated species such as 4-
AMCH, IPOH, 6-methyl-5-heptene-2-one (6-MHO), dihydrocarvone,
and 4-OPA. Pulmonary irritation was not observed as a critical effect for
these oxidation products; relatively low reference values were derived
for airflow limitation (bronchoconstriction) for 4-OPA (123 μg/m3,
30 ppb) and sensory irritation for IPOH (1100 μg/m3, 160 ppb)
(Wolkoff et al., 2013, 2014, 2016). Although the number of reference
values is limited to a few oxidation products, it is important to note that
the major effect from α-pinene or limonene reaction mixtures is sensory
irritation in the upper airways, mainly by formaldehyde (Wolkoff et al.,
2008); further, no sign of an increase upon repeated exposure or in-
crease of effects in the lower airways was observed (Wolkoff et al.,
2012). Furthermore, observations did not indicate inflammation in
BAL. Thus, it is suggested, using an assessment factor of five that sen-
sory irritation reactions in the eyes and airways would occur by ad-
mixing ozone greater than 0.1 ppm with high limonene concentrations.

2.8. Real life exposures

Indoor ozone concentrations are generally between 20 and 60% of
outdoor levels, usually between less than 5 ppb and 50 ppb, e.g. Fadeyi
(2015). Indoor concentrations of the most common terpenes are gen-
erally in the low μg/m3 range; except for acute activity-related actions
resulting in brief peak exposures or continuous use of high-emitting air
fresheners (Geiss et al., 2011; Glas et al., 2015; Mandin et al., 2017;
Nørgaard et al., 2014a) or simultaneous multi-use of consumer products
(Trantallidi et al., 2015). These compounds, in the absence of ozone,
are not considered by inhalation indoors to cause sensory irritation
effects in the eyes and airways or sensitizing effects in the airways in
the general population (Wolkoff and Nielsen, 2017; Basketter et al.,
2019; Johnson et al., 2019). However, formaldehyde and hydrogen
peroxide can be formed in small amounts in the presence of ozone to-
gether with low amounts of gaseous oxidation products and SOA (e.g.,
Rösch et al., 2017); for instance, by orange peeling (Langer et al., 2008;
Vartiainen et al., 2006) and use of household fragrance emitting
cleaning products (Wainman et al., 2000; Vartiainen et al., 2006;
Langer et al., 2008; Nørgaard et al., 2014b). Thus, orange peeling in an
office room (22 m3; AER = 2 h−1) showed SOA formation about 50
times larger than using a limonene (0.01% undiluted) floor cleaning
agent at about 10 ppb ozone (Langer et al., 2008).

Measurements of formaldehyde and 4-OPA in a simulated user
scenario under controlled conditions with a plug-in air freshener re-
sulted in maximum levels (background adjusted) reaching 50% and
32%, respectively, of their human reference values (Nørgaard et al.,
2014b). Two-hour average levels of formaldehyde, 4-AMCH, IPOH, and
4-OPA in European offices reached combined maximum hazard index
levels not greater than 25% and 21%, respectively, for sensory irritation
and airflow limitation (Nørgaard et al., 2014a), and with levels similar
to predicted in the model study by Carslaw (2013). Further, deep
cleaning of all surfaces in one office with textile carpeting resulted in
substantial reduction of 4-OPA, which indicates removal of human
debris (dirt), such as skin oils and skin cells, as a major ozone-reactive
precursor source, e.g. unsaturated fatty acids and squalene, cf.
Wisthaler and Weschler (2010), Xiong et al. (2019).

In line with the classic modeling study of the hydroxyl radical from
ozone-initiated reactions, Carslaw et al. (2017) measured the hydroxyl
and hydroperoxyl radicals in a large office following surface cleaning of
desks with a terpene fragranced cleaner. The radical concentrations

increased during the cleaning and increased further a factor 2–3 during
operation of an air cleaner device to levels high enough to initiate re-
actions with less reactive VOCs, e.g. aromatics.

Downstream 4-OPA up to 41 μg/m3 (10 ppb) has been measured
from used ozone exposed ventilation filters (Destaillats et al., 2011) and
concentrations from 8 up to 39 μg/m3 have been measured in aircraft
cabin and office air (Weschler et al., 2007; Wisthaler and Weschler,
2010); thus, leading to a tentative mean background level of 10 μg/m3

in offices, possibly from oxidation of squalene. Indoor concentrations of
6-MHO have been measured from 0.8 ppb in offices (Salonen et al.,
2009) to 2.3 ppb in a simulated office (28.5 m3; AER = 1 h−1) with two
subjects and an initial ozone concentration of 33 ppb (Wisthaler and
Weschler, 2010). Concentrations were 3–6 ppb in an occupied simu-
lated aircraft cabin exposed to ozone (60–70 ppb; AER = 4.4–8.8 h−1)
(Weschler et al., 2007) and a mean value of 2 ppb was measured in 14
aircraft cabins in China (Wang et al., 2014a). Wolkoff et al. (2016)
reviewed measurements in offices and aircraft cabins and assessed
formaldehyde and acrolein to be the major contributors of sensory ir-
ritants.

Nørgaard et al. (2014a) measured very low 2-h mean concentrations
of 3-AMCH, IPOH, and 4-OPA, and formaldehyde in four European
offices. Occupant-dependent maximum levels of 6-MHO and 4-OPA in
classrooms were measured to about 0.6 and 0.5 ppb, respectively
(Xiong et al., 2019).

In summary, measurements of some of the key oxidation products,
acids, formaldehyde, 4-AMCH, IPOH, 6-MHO, and 4-OPA, have been
measured in offices, classrooms, aircraft cabins, or modeled at low ppb
levels, highest in aircraft cabins, see Table 1.

3. Risk assessment

Established guideline or derived reference values for sensory irri-
tation in the eyes and airways for the most common reaction products,
e.g. formaldehyde (Nielsen et al., 2013), 6-MHO and 4-OPA (Wolkoff
et al., 2013, 2014), are at least one order of magnitude higher than
reported concentrations in office-like environments to be of concern,
see Nørgaard et al. (2014a) and Wolkoff et al. (2016). Exception may be
an user-related case with a high background of these reaction products
originated from ozone-initiated surface reactions on strongly con-
taminated surfaces, thus adding to the concentration of gas-phase re-
action products, cf. Nørgaard et al. (2014b); such a case, however,
would require a long-term constant emission. In most cases, the fra-
grance exposure will occur temporarily with acute high concentrations;
exceptions could be excessive use of air fresheners and essential oils. It
was previously assessed that ozone concentrations greater than 0.1 ppm
may be of concern at high limonene levels (Wolkoff et al., 2012), cf.
Klenø and Wolkoff (2004), however, relevant to note that people with
susceptible eyes perceive sensory irritation at lower levels, especially at
low indoor air humidity conditions (Wolkoff, 2018).

Knowledge about the airway toxicology of ozone-initiated terpene
generated SOA ultrafine particles is limited to acute airway effects.
Thus, in a mice exposure study the denuded ultrafine SOA in an ozone-
limonene mixture did cause neither acute sensory irritation nor airflow
limitation (Wolkoff et al., 2008). Furthermore, in-vitro and in-vivo stu-
dies with human lung cells and rodents have not convincingly shown
ozone-initiated terpene SOA to cause inflammation at indoor relevant
levels, for discussion, see above.

An integrated assessment of ozone-initiated terpene (fragrance) re-
actions, in the end, should also include potential beneficial effects, not
only of terpene-fragrances themselves (Quintans et al., 2018; Johnson
et al., 2019), but possibly also of their reaction products, see Wolkoff
and Nielsen (2017).

4. Conclusion

Based on this overview, it can be concluded that:
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• Human exposure studies to indoor realistic ozone/limonene/terpene
mixtures for 2–4 h do not indicate significant inflammatory or
(acute) sensory effects in the eyes and airways or pulmonary effects;
however, with the exception that weak sensory irritation may occur
in the eyes at high-end concentrations and possibly exacerbated at
low indoor air humidity conditions.

• Field measurements and modeling studies show levels of “key”
oxidation products far below values for (acute) sensory irritation in
the eyes and upper airways and reference values for airflow lim-
itation and pulmonary irritation. On the other hand, chamber stu-
dies, that simulate user scenarios with only one consumer product,
indicate that oxidation products could reach levels of concern in
case of simultaneous multi-use of terpene-rich consumer products
and excessive indoor ozone. This, however, will strongly depend on
indoor surfaces and AER.

• Limonene-ozone reaction mixture appears to possess anti-in-
flammatory properties as demonstrated in sensitized rodents.

• The health role of produced SOA is less clear. Assessment of levels
with outdoor air quality guidelines (e.g. WHO) should not be carried
out, because of substantial differences in their morphology and or-
ganic composition from ambient (traffic/combustion) particles.
There is no direct support for acute effects or inflammation in the
upper airways. However, it is fair to speculate whether chronic ex-
posure to SOA may reveal long-term adverse effects; thus, there is a
need for long-term testing of effects, like cardiovascular effects.

• An integrated health assessment should apart from an assessment
that is based on existing human reference values and indoor air
quality guidelines, also include potential beneficial effects of ozone-
initiated reactions, like anti-inflammatory properties and sanitary
effect of ozone and oxygenated radicals that may alter the building/
furniture surfaces and skin surface microbiome.

• Deep cleaning of soiled (carpet) surfaces reduces ozone-initiated
surface reactions.

• Clean fleecy surfaces may quench the reactivity of ozone due to high
deposition velocity.

• The perceived air quality may be altered by ozone exposure to some
treated or soiled surfaces and human skin and debris.

Future actions and questions:

• Can user scenarios be identified with levels of formaldehyde, acro-
lein, 4-OPA, and SOA sufficiently high causing adverse effects in the
eyes, airways, cardiovascular and pulmonary effects by repeated
long-term exposure?

• To investigate and quantify anti-inflammatory effects of terpenes
and their ozone-initiated terpene reaction mixtures.

• To develop biological cell-based models that mimic realistic ex-
posure scenarios in parallel with/and validated against in vivo in-
halation models, and human exposure data.

• The witch-hunting of terpene-fragrances and ozone-initiated ter-
pene-fragrance chemistry advocating for banning of fragrances
should be moderated in accordance with state-of-the-science tox-
icology of the terpenes (Wolkoff and Nielsen, 2017; Basketter et al.,
2019; Johnson et al., 2019) and combined with present risk as-
sessment of common reaction products, and jointly with an in-
tegrated assessment, which incorporates possible beneficial psy-
chological and physiological effects of fragrance terpenes and their
zone chemistry.
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