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bstract

The formation of secondary products during the ozone-initiated oxidations with biogenic VOCs emitted from natural paint was investigated in
his study. Mass spectrometry and infrared spectroscopy measurements have shown that the major components of gas-phase chemicals emitted
rom natural paint are monoterpenes including �- and �-pinenes, camphene, p-cymene, and limonene. A significant formation of gaseous carbonyl
roducts and nano-sized particles (4.4–168 nm) was observed in the presence of ozone. Carboxylic acids were also observed to form during the
eactions (i.e. formic acid at 0.170 ppm and acetic acid at 0.260 ppm). The formation of particles increased as the volume of paint introduced
nto a reaction chamber increased. A secondary increase in the particle number concentration was observed after 440 min, which suggests further

artitioning of oxidation products (i.e. carboxylic acids) into the particles previously existing in the reaction chamber. The growth of particles
ncreased as the mean particle diameter and particle mass concentrations increased during the reaction. The experimental results obtained in this
tudy may provide insight into the potential exposure of occupants to irritating chemical compounds formed during the oxidations of biogenic
OCs emitted from natural paint in indoor environments.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ultra-fine particles of a very low particle mass in the atmo-
phere represent a higher particle number concentration, such
hat they greatly outnumber particles larger than 100 nm given
he same particle mass. These ultra-fine particles generally
ave a high alveolar deposition fraction, a large surface area,
nd a chemical composition that makes them irritating to
umans (with carbonaceous or oxygenated compounds). Thus, if
nhaled, they can easily cause adverse health effects (e.g. inflam-

ation of respiratory system). Animal studies and in vitro cell
tudies have shown that high concentrations of ultra-fine parti-

les can induce inflammatory processes by producing a reactive
xidant species (H2O2, O2

−) and by carrying toxic gases and
ubstances into the lung periphery [1,2].

∗ Corresponding author. Tel.: +82 42 869 3624; fax: +82 42 869 3610.
E-mail address: woojin lee@kaist.ac.kr (W. Lee).
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The formation of secondary ultra-fine particles through
he reaction of ozone and several biogenic hydrocarbons (e.g.
onoterpenes) has been investigated [3–5]. These monoter-

enes can be emitted from indoor cleaners, fragrances, and paint,
s well as other consumer products [6–8]. Ozone has been moni-
ored in indoor environments, and its sources have been reported
rom outdoor infiltration in addition to indoor sources such as
ir ionizers, photocopiers, and laser printers [9]. Regulations for
he restriction of toxic VOC emissions in indoor environments
ave been recommended manufacturers in order that they may
tilize environment-friendly natural products as raw materials
or alternatives to toxic anthropogenic chemicals such as xylene
nd toluene. Some of the raw materials used in these consumer
roducts, such as natural paint, contain monoterpenes. Thus, the
atural paint used on walls and on woodwork can be a potential

ource of monoterpenes in indoor environments. The emitted
erpenes from natural paint can react with indoor ozone and
enerate gaseous and particulate secondary organic products.
tudies have shown that the transformation products formed dur-
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ng terpene/ozone oxidations have low vapor pressures and can
elf-nucleate and/or condense onto previously existing particles
10,11]. It is expected that the formation of secondary ultra-fine
articles occurs during the ozonation of monoterpenes such as
-pinene and limonene [12]. The presence of these oxidation
roducts in particles and onto particle surfaces poses a health
isk in indoor environments. Few studies have been conducted
o identify the formation of ultra-fine (nano-sized) particles
uring the atmospheric oxidant-initiated oxidation of biogenic
ydrocarbons emitted from indoor materials. Thus, the influence
f the ozone concentration and paint volume on the formation
f ultra-fine particles during the ozone-initiated oxidations with
erpenes emitted from natural paint is investigated in this study.

. Experimental section

.1. Chemicals

The following chemicals used for the experiments and anal-
ses of target monoterpenes and products were American
hemical Society (ACS) or higher grades: �-pinene (98%,
igma–Aldrich), �-pinene (99%, Sigma–Aldrich), limonene
97%, Sigma–Aldrich), p-cymene (99%, Sigma–Aldrich), cam-
hene (95%, Sigma–Aldrich), formic acid (85%, Wako), acetic
cid (99.7%, J.T. Baker), and carbonyl standard mixture
formaldehyde: 215 �g/mL, acetaldehyde: 190 �g/mL, acetone:
22 �g/mL and propionaldehyde: 122 �g/mL, Supelco). The
olvents used as eluents and extractants in this research were
PLC or higher grade: acetonitrile (99.8%, J.T. Baker), pure
ater (J.T. Baker), and methanol (99.8%, J.T. Baker). Sodium
orate and phosphoric acid solutions were prepared by adding
xact amounts of sodium borate (0.0015 M) and phosphoric acid
0.1%) into pure water, respectively.

Ozone was produced in situ using an ozone generator
Advanced Pollution Instrumentation) equipped with an ultra-
iolet lamp (Model 401, Advanced Pollution Instrumentation).
he natural paint was purchased from a retail store in Seoul,
orea, and the color white was chosen to best avoid a poten-

ial photolytic effect on the reactions of the target monoterpenes
nd products. The natural paint is based on natural resins and
lant oils that can be applied for painting any neutral mineral or
ooden surfaces.

.2. Experimental methods

Experiments were conducted using two types of reaction
hambers. A small batch bag reactor (5 L) made of Teflon film
as used to identify the composition of natural paint and to char-

cterize the ozone-initiated oxidations of monoterpenes emitted
rom natural paint. A stainless steel plate (100 mm × 90 mm)
as covered with 5 mL of natural paint, placed into a small batch
ag, and fixed onto the center at one side. The small bag was
apidly sealed using an impulse heat sealer (Model-PI-G, Pack-

ging Aids Corporation), filled with nitrogen (99.999%, Sinyang
o.), and was allowed to emit biogenic VOCs at room temper-
ture (22 ± 0.5) for 24 h. It had one port located at the center of
he side opposite to the plate for the introduction and sampling
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f gases. The atmosphere (2 L) in the bag was sampled for the
dentification and quantification of monoterpenes emitted from
he natural paint.

A reaction chamber (1 m3) made of Teflon film was utilized
o investigate the effects of the oxidant and target monoter-
ene concentrations on the formation of secondary products.
his was done by continuously monitoring the gaseous products
nd particles during the ozone-initiated reactions under different
xperimental conditions. Two different volumes of paint (10 and
0 mL) and five levels of ozone (50, 100, 200, 500, and 1000 ppb)
ere used in this experiment. Natural paint was applied onto a
00 mm × 300 mm × 5 mm stainless steel plate. This was dried
or 8 h in an ambient atmosphere and installed onto a stain-
ess steel holder at the bottom of the chamber. The atmosphere
utside of laboratory was purified by a clean air system con-
isting of charcoal, purafil, and high-efficiency particulate air
HEPA) filters and introduced into the chamber at a flow rate of
0 L/min for 20 min. Air leakage from the chamber was checked
y monitoring the pressure of the chamber for 24 h before each
xperimental run. The paint on the plate was allowed to emit the
iogenic VOCs for 24 h and the reaction started immediately
fter the continuous introduction of different levels of ozone
nto the chamber at room temperature. The atmosphere inside
he chamber was separately and continuously sampled through
he outlet ports, and the concentrations of the target terpenes,
zone, and gaseous and particulate products were monitored
nd determined by analytical equipment (a gas chromatograph
ith mass spectrometer (GC/MS), a high performance liquid

hromatograph (HPLC), an ozone monitor, an ultra condensa-
ion particle counter (UCPC) and a scanning mobility particle
izer (SMPS)). After an experimental run, 500 ppb of ozone was
ntroduced into the chamber to remove all impurities inside the
hamber. The reaction was allowed to continue for 2 h and puri-
ed air was then introduced, for a duration of 8 h, in order to
ush out the atmosphere. The plate surface was washed with
lkaline detergent followed by rinsing with tap water; it was
hen washed with methanol and deionized water. The plate was
ried at 220 ◦C for 2 h and cooled in an air atmosphere to prepare
t for the next run.

.3. Sampling and analysis

The biogenic VOCs (�- and �-pinenes, limonene, camphene,
nd p-cymene) emitted from the natural paint in the 5 L Teflon
ag were measured by a GC/MS (Saturn 2000, Varian) device
ith a DB-1 column (J&W Scientific) using an electron impact

EI) mode for ion sources. The temperature of the GC oven was
sothermal at −50 ◦C for 7 min; it was then increased to 140 ◦C
t the rate of 5 ◦C/min, and held at that temperature for 15 min.
he temperatures of the injection port, ion source, and transfer

ine were constant at 220, 150, and 170 ◦C, respectively. Helium
99.999%) was used as a carrier gas. The atmosphere in the bag
as removed at a flow rate of 5 L/min, pre-concentrated by a cold
ample preparation trap (SPT) for 5 min at −150 ◦C, desorbed
t 170 ◦C, and directly introduced to an injection port at the split
atio of 10:1. The biogenic VOCs were measured by monitoring
heir mass spectra obtained by continuously scanning ions (m/z)
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oxidations with VOCs emitted from natural paint was carried
out by focusing on the investigation of oxidations with these
five target monoterpenes.

Table 1
List of identified and quantified organic chemicals and corresponding detection
limits

Compounds Detected concentrations
(ppm)

Detection limits
(ppm)

�-Pinene 0.828 0.012
�-Pinene 0.405 0.004
Camphene 1.45 0.006
p-Cymene 0.018 <0.001
Limonene 0.162 0.004
Acetaldehyde 0.040 0.004
Acetone 0.003–0.095 0.001
R.B. Lamorena et al. / Journal of H

n the range of 30–400. The identification of biogenic VOCs was
onducted using dual mass spectrum libraries (National Institute
f Standards and Technology (NIST) and 98-Saturn) by com-
aring the measured mass spectra to those from the libraries.

FT-IR spectroscopy was mainly used to measure the con-
entrations of target monoterpenes in the batch bag reactors.
he FT-IR spectrometer (MTDAC-1400-1F, MIDAC) used in

his research was equipped with a 10 m gas cell (calibrated
ath length: 9.3 m), an Hg–Cd–Te detector, permanently aligned
old-coated mirrors, and Zn/Se windows. The detector was
ooled by liquid nitrogen, and the temperature of the gas cell
as kept constant at 60 ◦C during the measurements. Two litres
f a gas-phase sample from the reactor was directly introduced
nto the cell inlet, and its FT-IR spectrum was obtained by aver-
ging 64 scans measured in the range from 650 to 4000 cm−1.
he reference absorbance spectra used for the identification and
uantification of the target monoterpenes were generated in the
uthors’ laboratory using four different concentrations of target
onoterpenes. The spectral regions used for identification and

uantification were sought, and were determined to be between
00 and 1100 cm−1. A classical least squares (CLS) technique
as used for the quantification and the concentrations of the
onoterpenes in addition to the associated CLS errors were auto-
atically calculated through the use of the Autoquant software

ackage (Pro Ver. 4, MIDAC) for each run.
To measure the concentrations of carbonyl compounds

formaldehyde, acetaldehyde, acetone and propionaldehyde) for
he investigation of gaseous product formation during the ozone-
nitiated oxidations, the atmosphere in the reaction chamber was
ampled through an ozone scrubber (Sep-pak®, Waters) and by
2,4-dinitrophenylhydrazine coated silica cartridge (Supelco).
arbonyl compounds in the atmosphere were adsorbed in the
artridge during the sampling and then eluted with the addi-
ion of 5 mL of acetonitrile. An aliquot of extractant (20 �L)
as introduced into the injection port of an HPLC (Waters)

quipped with an ultraviolet (UV) detector and a Nova-Pak
18 column (Waters). The mixture of acetonitrile and ultra-
ure water (55/45, v/v) was used as a mobile phase and passed
hrough the column with temperature of 25 ◦C at a constant rate
f 1.0 mL/min. The concentrations of carbonyls in the extractant
ere measured using an internal standard method at a wave-

ength of 360 nm. Carboxylic acids (formic and acetic acids)
ere sampled through charcoal tubes (Supelco). They were des-
rbed with 1.5 mM of a borate solution, and an aliquot amount
f the extractant (100 �L) without concentration was introduced
nto the injection port of the HPLC equipped with a UV detector
t a wavelength of 215 nm and an Atlantis C18 column (Waters).
mobile phase eluent was prepared by spiking 0.1% H3PO4 into

ure water and passed this through the column at a constant rate
f 1 mL/min under a constant oven temperature of 40 ◦C.

The concentration of ozone was measured using an
ltraviolet-photometric ozone analyzer (Model 49, Thermo
nvironmental Instruments Inc.) at a wavelength of 254 nm.

he response time of the analyzer was less than 20 s, and the
recision and noise levels were both less than ±1 ppb. The ana-
yzer was calibrated using an ozone calibrator (Model 401, API)
efore each run and the concentration of the ozone was moni-
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ored and recorded at 1 min intervals by an on-line computing
ystem.

A SMPS equipped with an electrostatic classifier (Model
080, TSI) with a nano-differential mobility analyzer (NDMA,
odel 3085, TSI), an ultra-fine condensation particle counter

UCPC, Model 3025, TSI), and an impactor nozzle (0.0457 cm)
as used for the monitoring of particle diameter, particle mass,

nd particle number concentration in the reaction chamber in
rder to investigate the nucleation of particles during the reac-
ion and to identify the effect of the concentrations of oxidant
nd monoterpenes on the formation of particles. The gas-phase
ample in the reaction chamber was sampled at a flow rate of
.3 L/min, directly introduced to the SMPS under a constant
heath flow of 3.0 L/min, and scanned at a time resolution of
min (240 s for up-scan and 30 s for down-scan). The particles
f a gas-phase sample in the range of 4.4–168 nm were used for
he SMPS measurement. The UCPC was at times solely operated
or the measurement of the particle number concentration. When
his occurred, the particle number concentration was monitored
y measuring the particles greater than 3 nm at a sampling flow
ate of 0.03 L/min and at a response time of 1 s.

. Results and discussion

.1. Identification of VOCs emitted from natural paint

Paint manufacturers have commonly used rosemary, euca-
yptus, and orange oils as a source of essential oils in an effort
o add fragrance to natural paint. This could result in significant
missions of monoterpenes, esters, and alcohols into indoor
nvironments [13–16]. The monoterpenes that were quantified
nd identified were �-pinene, camphene, �-pinene, p-cymene,
nd limonene. The respective concentrations and detection
imits of monoterpenes are given in Table 1. This result confirms
hat the biogenic VOCs emitted from the natural paint are

ainly composed of the five monoterpenes identified above.
herefore, a characterization study for the ozone-initiated
ormaldehyde 0.033–0.086 0.002
ropionaldehyde 0.045 0.005
cetic acid 0.260 0.006
ormic acid 0.170 0.002
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In contrast to the initiation rate, the variation in the par-
ticle number concentrations with respect to time appears to
be affected by both the concentrations of ozone and natu-
48 R.B. Lamorena et al. / Journal of H

.2. Formation of gaseous products

It has been known that the ozone-initiated oxidation of ter-
enes produces primarily a carbonyl and an energy-rich criegee
ntermediate. Both products may undergo further oxidation reac-
ions producing a variety of multifunctional compounds (e.g.
onjugated organic acids and carbonyls) [10,11]. The low molec-
lar carbonyls, including formaldehyde, acetaldehyde, acetone,
nd propionaldehyde were observed to form during the oxidation
eactions. The concentrations of carbonyl products monitored
uring the reactions were formaldehyde, acetaldehyde, acetone,
nd propionaldehyde; the measured concentrations as well as
he detection limits are shown in Table 1. The formation of these
aseous compounds is consistent with previous investigations by
ther research groups [10,11]. Other oxidation products identi-
ed during the reactions were formic and acetic acids. No acetic
nd formic acids were observed early in the experiments, and
he formation abruptly increased to 0.260 and 0.170 ppm imme-
iately after 6 and 9 h, respectively. The high concentrations
f carboxylic acids generated from the experiment may have
esulted from the presence of water vapor that may have evolved
rom the water-based paint inside the bag. The paint might not
ave totally “dried” after 8 h of drying in ambient air, thus poten-
ially contributing to homogeneous and heterogeneous reactions
s well. Studies have shown that criegee intermediates can react
ith surrounding water molecules. Criegee intermediates have

ong been postulated as important species in ozone/terpene oxi-
ation reactions. The simple or smallest criegee intermediate that
ould form in the ozonation of monoterpenes like �-pinene is
CH2–O–O–. Simple criegee intermediates (e.g. +CH2–O–O–)
ave been shown to react with water to give carboxylic acids
nd �-hydroxy-hydroperoxides [17–20]. It was suggested that
he reaction occur via the following mechanism:

CH2–O–O– + H2O → CH2(OH)OOH

→ HCOOH + H2O (1)

The presence of these carboxylic acids strongly indicates that
ther high-molecular weight oxidation products have addition-
lly formed from the degradation of monoterpenes in the reaction
hamber. Once these low-volatile products exceed their satura-
ion vapor pressures, the nucleation of particles starts to occur.
t is known that high humidity reduces particle formation dur-
ng ozonolysis, but the particles formed during the reaction may
erve as adsorption sites for the partitioning of less volatile prod-
cts [18]. The water in the reaction chamber could potentially
ffect the formation of particles in the system utilized in this
tudy. Unfortunately, the effect of humidity was not evaluated
n the formation of particles in the reaction chamber.

.3. Formation of particles

The role of monoterpenes and ozone interaction in particle

ormations has been reported in several investigations. Low-
olatile oxidation products are believed to self-nucleate, and
emi-volatile products partition onto existing particle surfaces
21–23]. In this study, particle formation was monitored in
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ll experimental runs. The concentration profiles of the parti-
les under different experimental conditions, as monitored via
CPC, are presented in Fig. 1. A rapid increase in particle num-
er concentration was observed after ozone was introduced into
he chamber, and it decreased over time. The increase in the par-
icle number concentration under a high concentration of ozone
500 and 1000 ppb) was observed 10 min after the addition of
zone into the reaction chamber, as shown in Fig. 1a, while
he increase in the particle number concentration under lower
zone concentrations (50, 100, and 200 ppb) were delayed, being
bserved approximately 25 min after the ozone addition. This
ndicates that the initiation rate of particle formation is influ-
nced by the ozone concentration while it is independent of
he natural paint concentration in this experiment. The observed
ime lag of 15 min for the particle formation between the high
nd low ozone concentrations reflects a delay of the generation
f condensed particles under low ozone concentrations. This
bserved time lag has also been observed in other smog cham-
er studies. This suggests that air exchange rates are crucial
n real indoor environments, so as to delay and reduce parti-
le formations by diluting the concentration of ozone in indoor
ig. 1. Variation of particle number concentrations during the ozone-initiated
xidations at different ozone concentrations (50, 100, 200, 500, and 1000 ppb)
nd different volumes of paint (a) 10 mL and (b) 30 mL.
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tration and total particle mass concentration (500 ppb of ozone
and 10 mL of paint), respectively. The curve in Fig. 2a shows
a particle size distribution which was scanned for 5 min. The
area under the curve represents the total particle number con-
R.B. Lamorena et al. / Journal of H

al paint. The particle number concentration was highly cor-
elated with the ozone concentration. The maximum particle
umber concentration (>100,000 particles/cm3) was found at
00 ppb of ozone with 30 mL of natural paint, and the min-
mum (300 particles/cm3) was found at 50 ppb with 10 mL
f natural paint. The maximum concentration cannot be pre-
isely measured due to the upper detection limit of CPC
<100,000 particle/cm3). The particle number concentrations
t different ozone concentrations with 10 mL of natural paint
ecreased immediately after reaching the maximum particle
umber concentrations, which may be due primarily to the parti-
le growth caused by the condensation of particles formed during
xidation. The wall loss due to the sorption of particles onto
he Teflon film of the reaction chamber may have also been a
otential sink source for the decrease in the particle number
oncentration.

In comparison to the ozone-initiated oxidations with 10 mL of
aint showing a continuous decrease in number concentrations
hroughout the experiment run, a different concentration pro-
le was observed for the oxidations with 30 mL of paint shown

n Fig. 1b. The increase of particles starting at 440, 570, and
00 min for each profile suggests that some reaction mecha-
ism or mechanisms other than condensation contributed to the
rowth of particles. It is possible that the homogenous nucle-
tion of one or more oxidation products with low vapor pressures
ccurred, resulting in a sudden increase in the number of nuclei
erving as condensation sites. The secondary increase in particle
umber concentrations suggests that the formation of particles
ay increase from the partitioning of secondary gaseous prod-

cts (e.g. pinic acid and limonic acid) to a solid phase during
he ozone-initiated oxidations with monoterpenes emitted from
he natural paint. This observation could be correlated to the
ncrease in carboxylic acids that was observed in the gas-phase
nalysis. The presence of these low molecular carboxylic acids
ndicates that larger but less volatile molecules were formed
uring the oxidation and that some products can consequently
ecompose into acetic and formic acids [24,27]. It is also pos-
ible that these low molecular weight compounds can partition
nto a particle phase. Researchers have found acetic and formic
cids in secondary ultra-fine particles during field and smog
hamber measurements [25–27].

The particle number concentrations decreased slowly after
he secondary peak values, implying that the rate of particle
rowth was slightly greater than that of particle formation at this
tage. This implies that additional condensable and low-volatile
rganic compounds form during the reaction while the volatile
pecies will remain in a gas-phase. It further suggests that the
otential inhalation of these particles and volatile species formed
uring the reactions can cause serious respiratory problems.

The ozone reactions significantly affected the formation
f particles during the ozone-initiated oxidation with target
onoterpenes emitted from the natural paint. The formation of

ano-sized particles (4.4–168 nm) was observed in this study

uring the oxidation. The initiation of particle formation was
onitored between 5 and 10 nm, which implies that the parti-

ioning and/or saturation for the nucleation of particles can occur
t less than 10 nm. This result is consistent with the experimental
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ork conducted by Rohr et al. and Sarwar et al. [3,4]. Fig. 2a–c
hows the particle size distribution monitored by SMPS, the
ariation in the mean particle diameter during the ozone-initiated
xidation, and relationship between the particle number concen-
ig. 2. Characterization of the particle formation: (a) particle size distribution by
onitoring SMPS; (b) change in mean particle diameter during ozone reactions;

c) particle number concentration and total particle mass concentration. The
xperimental condition was under 500 ppb of ozone and 10 mL of paint.
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entration. The profile shown in Fig. 2a shows the particle size
or number concentration) within the size range of dDp (Dp to

p + dDp) plotted against the particle diameter. The total particle
umber concentration decreased as a particle diameter hav-
ng a maximum particle number concentration at each scanned
ime increased, which is essentially due to the particle growth
aused by the condensation of particles and further caused by the
artitioning of SVOCs (semi-volatile organic carbons) formed
uring the ozone-initiated oxidation. The peak particle number
oncentration at each distribution curve reached the maximum
oncentration at 92 min (70 nm). It then decreased as the reac-
ion proceeded, shifting toward a larger particle diameter (i.e.
20 nm at 353 min). Fig. 2b shows the increase in the mean
article diameter during the ozone-initiated oxidation, indicat-
ng that the particle growth continued until the particle diameter
eached 120 nm. It has been reported that the particles can grow
ntil they reach 1 �m during the reaction [27]. Fig. 2c shows a
orrelation between the particle number concentration and the
otal particle mass concentration during the ozone-initiated oxi-
ation. A rapid increase in the particle number concentration was
bserved at an early time. The particle number concentration
eached the maximum number concentration at approximately
0 min and then slowly decreased as the reaction proceeded.
he particle mass concentration rapidly increased from 20 to
00 min and then gradually increased as the reaction proceeded.
eschler and Shields measured the average mass concentrations

2.5–5.5 �g/m3) in terpene/ozone reactions in typical indoor
nvironmental conditions [27]. The total mass concentration
onitored in the present experiment was 0–7.4 �g/m3, which

s fairly consistent with the measurements of Weschler and
hields. The gradual increase observed in the figure suggests

hat less volatile organic compounds partition into particles.
onsequently, an accumulation of the particles occurs, thus con-

ributing to the particulate mass. The subsequent decrease in the
article number and mass concentrations after the rapid increase
f both concentrations appears to be due primarily to the particle
rowth caused by the condensation of particles during the oxida-
ion in addition to the wall loss caused by the sorption of particles
nto the Teflon film, which may be a potential sink during the
eaction.

.4. Summary and conclusions

Low molecular carbonyls such as formaldehyde, acetone, and
cetaldehyde, in addition to carboxylic acids were observed as
econdary products during the ozone-initiated reactions with the
iogenic hydrocarbons emitted from natural paint. The particles
ormed during the ozone-initiated reaction of terpenes emitted
rom natural paint are nano-particles in size and much smaller
han PM2.5 and PM10, which can pose a significant health con-
ern. The maximum mass concentration of the particles formed
uring the reactions is much lower than the particle pollution lev-
ls proposed by the Environmental Protection Agency (PM10:

50 �g/m3 in 24 h and PM2.5: 65 �g/m3 in 24 h); however, par-
icle pollutant levels for finer particles and those for in indoor
nvironments have not been proposed to date. More research
eeds to be carried out concerning the adverse health effects of

[

ous Materials 141 (2007) 245–251

ner particles formed during similar reactions in indoor envi-
onments. Most of the ozone concentrations applied during the
xperimental runs were very high compared to normal indoor
nvironments (10–100 ppb) [9]. Therefore, the results obtained
ay be overestimated. Nonetheless, the results obtained from

his study can contribute to the awareness of the formation of
oxic secondary gaseous products and nano-sized particles dur-
ng the ozone-initiated oxidation of terpenes emitted from indoor

aterials in real environments. The results can also be applied
or a determination of a reducing strategy and in control tech-
ology of toxic indoor pollutants emitted and formed in indoor
nvironments. Moreover, the results can contribute to the devel-
pment of environmental policies for public health and safety.
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