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Abstract: Continuous measurements using proton transfer reaction mass spectrometry 

(PTR-MS) can be used to describe the production processes of secondary products during 

ozone induced oxidation of terpenes. Terpenes are emitted from woody building materials, 

and ozone is generated from ozone air purifiers and copy machines in indoor environments. 

Carbonyl compounds (CCs) are emitted by human activities such as smoking and drinking 

alcohol. Moreover, CCs are generated during ozone oxidation of terpenes. Therefore, 

coexistent CCs should affect the ozone oxidation. This study has focused on the 

measurement of secondary products during the ozone oxidation of terpenes based on the 

use of PTR-MS analysis and effects of coexistent CCs on oxidized products. Experiments 

were performed in a fluoroplastic bag containing α-pinene or limonene as terpenes, ozone 

and acetaldehyde or formaldehyde as coexistent CCs adjusted to predetermined 

concentrations. Continuous measurements by PTR-MS were conducted after mixing of 

terpenes, ozone and CCs, and time changes of volatile organic compounds (VOCs) 

concentrations were monitored. Results showed that, high-molecular weight intermediates 

disappeared gradually with elapsed time, though the production of high-molecular weight 

intermediates was observed at the beginning. This phenomenon suggested that the ozone 
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oxidation of terpenes generated ultrafine particles. Coexistent CCs affected the ozone 

oxidation of α-pinene more than limonene.  

Keywords: terpene; ozone; secondary products; PTR-MS 

 

1. Introduction 

Ozone is transported from outdoor environments to indoor environments by ventilation, and indoor 

ozone concentrations are typically about 20–70% of concurrent outdoor levels [1]. Outdoor ozone 

concentrations reach at maximum 6.12 × 10
−2

–2.04 × 10
−1

 ppm (120–400 µg m
−3

) [2]. Additionally, air 

cleaners using ozone have been widely used in residences in recent years, and they have been believed 

indoor sources of ozone [3-5]. Some photocopiers and printers can also generate ozone [6-8]. 

According to the literature [9], ozone concentrations in poorly ventilated rooms which contained 

electrostatic air cleaners and photocopying machines were up to 2.50 × 10
−1

 ppm (490 µg m
−3

). 

Therefore, ozone concentrations in residences are believed higher than estimated from outdoor ozone 

concentration and indoor ozone concentrations should be especially high around printers, photocopiers 

and air purifiers [10,11]. 

Terpenes are emitted from woody building materials [12,13], which are the materials of choice in 

Japanese residences. Because terpenes have pleasant smells, they are used extensively as ingredients in 

many household products, such as air fresheners [12-15]. For example, a limonene concentration as 

high as 1.75 × 10
−1

 ppm (975 µg m
−3

) was measured after applying a spray wax to a coffee table [16] 

and around 3.50 × 10
−1

 ppm (1950 µg m
−3

) when peeling an orange [17]. Additionally, terpenes are 

also widely used in solvents, paintings, deodorants and varnishes [12,13]. From these reasons, terpene 

concentrations can often increase to significant levels in poorly ventilated rooms [18]. 

Carbonyl compounds (CCs) are emitted in homes as a result of occupants’ activities, and 

acetaldehyde in particular is measured in high concentrations during smoking [19] and alcohol drinking 

[20]. Additionally, formaldehyde and acetaldehyde are generated during the terpene  

oxidation [14,21]. 

Terpenes have one or more carbon-carbon double bonds in their molecular structures. Due to this, 

terpenes have a high oxidation activity towards oxidants such as ozone, nitroxide and hydroxyl (OH) 

radicals in the atmosphere [21,22]. For instance, reactions of ozone and terpenes lead to the production 

of carbonyls such as formaldehyde and acetaldehyde, organic acids, hydrogen peroxide, secondary 

organic aerosols and OH radicals [14,21]. Produced OH radicals would chain-react with volatile 

organic compounds (VOCs) or CCs in indoor environments, resulting in the generation of additional 

oxidation products [8]. Although a large volume of research related to the production of secondary 

organic aerosols has been reported [15,23-25], information about many of the individual secondary 

products during ozone oxidation of terpenes is limited [8]. Additionally, the mixture of oxidation 

products appears to have significant irritant properties [26].  

On the other hand, coexistent CCs in residential indoor environments should affect the oxidation 

reaction products. However, only a few studies have been reported on effects of coexistent CCs in 

residential indoor environments on oxidation reaction products [24,28]. This study focuses on the 
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effects of the incorporation of coexistent CCs in residential indoor environments into ozone-terpenes 

oxidation reactions based on proton transfer reaction mass spectrometry (PTR-MS) analysis. α-Pinene 

and limonene were used as model terpenes, and acetaldehyde and formaldehyde were used as model 

coexistent CCs in residential indoor environments. In residential indoor environments, the aldehydes 

are emitted from furniture made of particleboards and produced with urea-formaldehyde resins [29-31].  

In this study, secondary products during the ozone oxidation of terpenes were monitored using the 

PTR-MS technique. The PTR-MS is an analytical instrument for online measurements of trace amount 

of VOCs, including oxygenated VOCs such as acetaldehyde and terpene oxidation products. The  

PTR-MS system has a high sensitivity to VOCs and allows direct air inlet and real-time analysis.  

2. Experimental Section 

2.1. Materials 

α-Pinene of 98%, limonene [(R)-(+)-limonene] of 97% and formaldehyde (paraformaldehyde) of 

95% purity were obtained from Sigma-Aldrich Japan. Acetaldehyde of 90% purity was purchased from 

Wako Pure Chemical Industries, Ltd., Japan. Pure air was supplied by Japan Air Gases Co. They were 

all used without any further purification. 

2.2. Methods 

Gases of α-pinene and limonene were prepared by evaporation of liquids in a 1 L air sampling tube 

(GL Sciences, Japan). Acetaldehyde gas was generated by a gas generator (PD-1B, GASTEC 

Corporation, Japan) with a permeation tube (GASTEC Corporation, Japan). Formaldehyde gas was 

generated by the gas generator and prepared from paraformaldehyde which was put in a 2 mL vial 

(SUPELCO, Japan) equipped with a glass filter paper (Whatman, Japan). In order to adjust the desired 

concentrations of organic gases, these were introduced into a 5 L fluoroplastic bag and diluted with 

pure air. Ozone was generated by a UV light ozone generator (SO-100, FUNATECH CO., Japan) 

which generates no NOx during the ozone generation. The adjustment of ozone concentration was 

carried out in a 2 L fluoroplastic bag using the pure gas. Relative humidities of adjusted organic gases 

were less than 15% measured by a HOBO data logger (U10, Onset Computer Corporation). 

Organic gases and ozone were introduced into the 2 L fluoroplastic sample bag in a dark 

temperature-controlled room (24.5 ± 0.3 
o
C), and then ozone-terpenes oxidation reactions were started. 

During the oxidation reaction, samples from the gas phase were withdrawn at predetermined time 

intervals using a control valve, and organic gas concentrations including secondary products were 

analyzed by on the PTR-MS instrument (Ionicon Analytik GmbH, Austria). The mass range analyzed 

in this study was from m/z 21 to 220. 

The PTR-MS is a quadrupole mass spectrometer that uses hydronium ions (H3O
+
) to chemically 

ionize the compound of interest through a proton transfer reaction. Thus, any compound that has a 

proton affinity higher than that of water can be detected, and is identified by their molecular weight 

plus 1 (H
+
) peaks. The PTR-MS can detect highly polar molecules such as oxidized organic 

compounds, and its short accumulation times (the accumulated time is 50 ms per each mass number) 

allows real-time measurements [23,24]. Although peak signal intensity relates to absolute 
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concentration of the compound related to its m/z value, it does not exhibit accurate concentration due to 

fragmentation. Therefore, calibration curves for organic gases made from preliminary experimental 

results using GC/MS and HPLC were used. Experimental conditions used in this study are listed in 

Table 1. Each experiment was repeated three times (n = 3).  

Table 1. Conducted experimental conditions (n = 3). 

Run NO. 
Terpene 

concentrations 
CCs concentrations 

Ozone 

concentration 

1 

3 ppm 

(α-pinene) 

- 

4.5 ppm 

2 0.1 ppm (Acetaldehyde) 

3 0.6 ppm (Acetaldehyde) 

4 0.1 ppm (Formaldehyde) 

5 0.6 ppm (Formaldehyde) 

6 

3 ppm 

(limonene) 

- 

7 0.1 ppm (Acetaldehyde) 

8 0.6 ppm (Acetaldehyde) 

9 0.1 ppm (Formaldehyde) 

10 0.6 ppm (Formaldehyde) 

11 

- 

0.1 ppm (Acetaldehyde) 

12 0.6 ppm (Acetaldehyde) 

13 0.1 ppm (Formaldehyde) 

14 0.6 ppm (Formaldehyde) 

3. Results and Discussion 

3.1. Decomposition Rates of Terpenes by Reaction with Ozone 

In order to estimate effects of coexistent CCs on the rates of degradation of α-pinene and limonene 

by ozone, time changes of concentrations of α-pinene (runs No. 1 to 5) and limonene (runs No. 6 to 10) 

during the ozone oxidation of terpenes in the presence or absence of coexistent CCs are shown in 

Figure 1. As it can be seen from Figures 1a and 1b, concentrations of α-pinene and limonene decreased 

with elapsed time because the α-pinene and limonene were decomposed by the reaction with ozone 

[21,23,24,32-34]. Decompositions of 90% α-pinene and limonene were achieved within  

8 min and 4 min, respectively, regardless of coexistent CCs. Limonene exhibited higher reactivity 

towards ozone than α-pinene. The reason of this tendency will be discussed later. 

According to literatures [32,33], the degradations of α-pinene and limonene by ozone obey the 

second order kinetics with respect to the concentrations of terpenes and ozone expressed in  

the following equations: 

αα

α CCk
dt

dC
O3−=  (1) 

LOL
L CCk

dt

dC
3−=  (2) 
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where Cα is an α-pinene concentration, CL is a limonene concentration, CO3 is an ozone concentration, 

kα and kL is second order kinetic constants and t is a elapsed time. 

Figure 1. Apparatus for ozone oxidation of terpenes. 
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In the literature [35,36], kα and kL were determined as 8.11 × 10
−17

 and 2.01 × 10
−16

 cm
3 
molecule

−1
 s

−1
, 

respectively. Solid lines in Figures 2a and 2b show predictions based on these reaction rate constants. It 

was found that the experimental result of the α-pinene ozonolysis was in good agreement with the 

prediction based on the literature data, regardless of coexistent CCs.  

On the other hand, the experimental results of ozone-limonene oxidation showed a slightly slower 

degradation rate than that predicted based on the literature data. This may be attributed to the fact that 

because these reaction rate constants were determined as reaction rate constants of individual reactions, 

predictions based on the literature data did not take into account for reactions of ozone with 

intermediates. In the α-pinene degradation experiments, α-pinene has one unsaturated bond in its 

molecular structure, which would be decomposed by the attack of electrophilic ozone. Therefore, 

intermediates produced during the ozone oxidation of α-pinene would not have unsaturated bonds in 

their molecular structure, which would lead to a lower reactivity of the ozone due to the decrease in the 

electron density. Because of the reactivity difference between α-pinene and intermediates, ozone was 

consumed predominantly by the oxidation of α-pinene, and the presence of intermediates can  

be ignored.  

Meanwhile, limonene has two unsaturated bonds in its molecular structure, therefore, intermediates 

produced during the ozone oxidation of limonene would still have one unsaturated bond in their 

molecular structures, and can react with ozone strongly. This would lead to the competition between 

limonene ozonolysis and reactions of intermediates with ozone. As a result, the limonene ozonolysis 

was only slightly inhibited, and there was little disagreement between the experimental data and the 

literature data. 

In order to compare degradation rates quantitatively, overall pseudo second order kinetic constants 

which exclude reactions of intermediates with ozone were determined by fitting the experimental data 

to the kinetic model predictions using a least-squares fitting technique. Results are shown in Table 2.  

According to the results of preliminary experiments which evaluated reactions of acetaldehyde or 

formaldehyde with ozone, concentrations of acetaldehyde and formaldehyde were almost constant until 

60 min. According to the literature [35,36], the second order kinetic constants of acetaldehyde and 

formaldehyde are 3.4 × 10
−20

 and 2.09 × 10
−24

 cm
3 

molecule
−1

 s
−1

, respectively. Compared to the 

second order kinetic constants of α-pinene and limonene (8.11 × 10
−17

 and 2.01 × 10
−16

 cm
3
 molecule

−1
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s
−1

), the second order kinetic constants of acetaldehyde and formaldehyde are 10
3
 times to 10

8
 times 

smaller. Therefore, reactions of acetaldehyde and formaldehyde with ozone can be ignored. As shown 

in Table 2, the degradation rates of α-pinene and limonene were not affected by coexistent CCs, 

because, even if acetaldehyde or formaldehyde exist, the ozone would react preferentially with  

α-pinene or limonene.  

Figure 2. Time changes of concentrations of (a) α-pinene and (b) limonene during the 

ozone-terpenes oxidation reactions. 
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Table 2. Second order kinetic constants for the ozonolysis of α-pinene and limonene. 

3.2. Effects of Incorporation of CCs on Time Changes of Acetaldehyde and Formaldehyde 

Concentrations  

In the PTR-MS analysis, the ion signals at m/z 45 and 31 mainly indicate acetaldehyde and 

formaldehyde, respectively. Carbon dioxide has the same mass as acetaldehyde, but it has low proton 

affinity and is not detected by the PTR-MS analysis [33]. Figure 3 shows temporal changes of 

concentrations of acetaldehyde (m/z 45) (a) and formaldehyde (m/z 31) (b) during the ozone-terpenes 

oxidation reactions.  

It can be seen from Figure 3, acetaldehyde and formaldehyde were produced during the terpene 

ozonolysis. Particularly, significant amounts of formaldehyde were produced. In the ozone oxidation of 

  

Pseudo second order kinetic 

constant  

for αααα-pinene [cm
3
 molecules

−1
 s

−1
] 

Pseudo second order kinetic 

constant 

for limonene [cm
3
 molecules

−1
 s

−1
] 

without coexistent CCs 7.85 × 10
−17

 1.46 × 10
−16

 

with 0.1 ppm acetaldehyde 6.96 × 10
−17

 1.41 × 10
−16

 

with 0.6 ppm acetaldehyde 7.52 × 10
−17

 1.41 × 10
−16

 

with 0.1 ppm 

formaldehyde 
6.60 × 10

−17
 1.44 × 10

−16
 

with 0.6 ppm 

formaldehyde 
6.81 × 10

−17
 1.51 × 10

−16
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terpenes, OH radicals are produced as byproducts [34]. The reactions of terpenes and OH radicals leads 

to the generation of methyl radicals [38], which subsequently react with oxygen, and formaldehyde is 

produced [38]. 

As mentioned before, acetaldehyde and formaldehyde were not decomposed by ozone. However, 

when acetaldehyde or formaldehyde was added into the ozone-terpene reactions, their concentrations 

decreased slightly, as shown in Figure 3. Particularly, the acetaldehyde concentration decreased with 

time significantly. These phenomena suggested that acetaldehyde or formaldehyde bound to 

intermediates produced by the ozone oxidation of terpenes. Therefore, the addition of acetaldehyde 

would affect the production of secondary compounds. 

Figure 3. Time changes of concentrations of (a) acetaldehyde (m/z 45) and (b) 

formaldehyde (m/z 31) during the ozone-terpenes oxidation reactions. 
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3.3. PTR-MS Spectra during the Reaction of Terpenes with Ozone 

PTR-MS spectra during the ozone oxidation of α-pinene are shown in Figure 4. The PTR-MS ion 

signals at m/z 81, 82, 137 and 138 represent the α-pinene fragments, isotopes and their protonated ions, 

respectively [21]. After 10 min, many signals continued to change, as shown in Figure 4, though  

α-pinene was decomposed completely as shown in Figure 2. This indicated that secondary ozonides 

would be produced over a long period. According to the literature [34], α-pinene oxide (m/z 153), 

isopropylideneacetone (m/z 99), (2,2-dimethyl-3-acetylcyclobutyl)methyl formate, (acetyl-2,2,3-

trimethyl)-cyclobutane (m/z 185), pinonic acid (m/z 186), norpinonaldehyde (m/z 155), 10-hydroxyl-

pinonic acid (m/z 201) and (2,2-dimethylcyclobutyl)acetaldehyde (m/z 127) would be produced as 

secondary ozonides during the ozone oxidation of α-pinene. In this study, PTR-MS ion signals 

represented these secondary ozonides, and they were in good agreement with the literature. The ozone 

oxidation of α-pinene caused the production of secondary ozonides which have high molecular weight, 

as described in Figure 4. Particularly, verbenone (m/z 151) was produced in relatively large amounts. 

Figure 5 shows PTR-MS spectra during the reaction of limonene with ozone. In the reaction, a large 

number of secondary ozonides were generated, as indicated by the many signals. However, signal 

intensities in the reaction of limonene were smaller compared with the reaction of α-pinene with ozone. 

This might be attributed to the difference of reactivities with ozone and primary intermediates. Primary 
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intermediates produced in the reaction of limonene with ozone have an unsaturated bonds, and would 

exhibit higher reactivity, as mentioned before. Therefore, these primary intermediates would be 

decomposed by ozone early. On the other hand, primary intermediates produced in the reaction of  

α-pinene with ozone have no unsaturated bonds, and might remain for a relatively-long term due to 

their low reactivity. These primary intermediates might be attacked by radicals produced in the reaction 

of terpenes with ozone. As a result, a large number of higher molecular weight secondary products 

would be produced in the reaction of terpenes with ozone. 

3.4. Effects of Coexistent CCs on the Reaction of Terpenes and Ozone 

In order to examine effects of coexistent CCs on the reaction of α-pinene with ozone, differences of 

PTR-MS spectra with or without coexistence CCs at 10 min and 60 min are shown in Figure 6. In 

Figure 6, difference intensity means a difference between intensities obtained in experiments with and 

without coexistence CCs (“difference intensity” = “intensity under coexistence of CCs” − “intensity 

under no-coexistence of CCs”). Positive values of difference intensity can reflect production 

enhancement, and then negative values can reflect production inhibition. 

It was found clearly that the addition of acetaldehyde as coexistent CCs into the reaction of  

α-pinene with ozone indicated many positive values of difference intensity, which tended to increase 

types of secondary products. In other words, the decomposition pathway of α-pinene by the ozone 

oxidation was affected by the addition of acetaldehyde. Even in the low acetaldehyde concentration 

(0.1 ppm), the decomposition pathway was affected. Although the decomposition of α-pinene was 

mostly finished by 10 min, secondary products productions were still continued. In particular, 

secondary products which have a high molecular weight (e.g., m/z 167 and 169) were produced after 60 

min. This phenomenon suggested that the addition of acetaldehyde led to the long term production of 

higher molecular weight secondary products. On the other hand, the addition of formaldehyde clearly 

inhibited secondary products productions. This result might be attributed to the production of stable 

intermediates. Although both of acetaldehyde and formaldehyde are classified into carbonyl 

compounds, they showed the opposite effect on the productions of secondary products. These 

phenomena suggested that coexistence of CCs have made the ozone oxidation of terpenes in another 

reaction pathway progressed.  

Effects of coexistent CCs on the reaction of limonene with ozone are shown in Figure 7. The 

addition of acetaldehyde enhanced secondary products productions such as m/z 151, 153, 107. 

However, unlike the case in the reaction of α-pinene, this also inhibited the production of secondary 

products such as m/z 99, 101, 71, 73, 75.  

3.5. Effects of Added CCs on Condensation 

In the PTR-MS analysis, values of m/z and intensity of peak signals are correlated to mass number 

and concentration, respectively. In this study, the summation of multiplying each value of m/z by the 

intensity is determined as total mass amount (TMA) of secondary products (Equation (3)). 

∑= iii zmITMAamountmasstotal /)(    (3) 
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During the ozone oxidation, because of an addition of oxygen atoms to terpenes or secondary 

products, TMA would increase with elapsed time. On the other hand, TMA would decrease by a 

production of intermediates which cannot be detected by the PTR-MS analysis such as CO2 and N2O [35]. 
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Figure 4. PTR-MS spectra during the reaction of α-pinene with ozone (a: overall view, b: magnified figure). 
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Figure 5. PTR-MS spectra during the reaction of limonene with ozone (a: overall view, b: magnified figure).  
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Figure 6. Effects of coexistent CCs on the reaction of α-pinene with ozone (a: at 10 min of elapsed time, b: at 60 min of elapsed time). 
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Figure 7. Effects of coexistent CCs on the reaction of limonene with ozone (a: at 10 min of elapsed time, b: at 60 min of elapsed time). 
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However, according to preliminary experimental results, ozone cannot degrade acetaldehyde and 

formaldehyde which are among the final intermediates after 60 min. Therefore, under these 

experimental conditions, TMA cannot decrease except for the production of high molecular weight 

secondary products (m/z > 220) by combination or if condensation onto secondary organic aerosols 

occurred. Consequently, the decreases in TMA can mainly indicate a condensation tendency. 

In order to investigate effects of the addition of CCs on the condensation in the reaction of α-pinene 

with ozone, time changes of TMA (mass range: less than m/z 138 and more than m/z 139) are shown in 

Figure 8. In this study, because mass numbers of derived α-pinene are m/z 81, 82, 137 and 138, the 

TMA increases in the mass range above m/z 139 are attributed to combination with oxygen  

or intermediates. 

Figure 8. Effects of coexistent CCs on the combination in the reaction of α-pinene with 

ozone (TMA in the mass range (a) above m/z 139 and (b) below m/z 138). 
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As shown in Figure 8a, TMA in the mass range above m/z 139 increased significantly at the 

beginning of the reaction. While TMA increments when acetaldehyde was added into the reaction of α-

pinene with ozone were larger than the experiments without coexistent CCs, the addition of 

formaldehyde decreased TMA increses. These results suggested that the addition of acetaldehyde 

activates the production of secondary products having a high reactivity in the reaction of α-pinene with 

ozone, which might ultimately activate the generation of secondary organic aerosols. Conversely, the 

addition of formaldehyde inhibited TMA increases. This result indicated that the production of stable 

secondary products in the early stage was improved by the addition of formaldehyde. After 10 min of 

elapsed time, TMA in the mass range above m/z 139 decreased with time. On the other hand, TMA in 

the mass range below m/z 138 in all cases was almost constant after 10 min. If decompositions of 

secondary products having a mass number above m/z 139 occurred, TMA in the mass range below m/z 

138 would increase due to the production of lower molecular weight compounds. However, TMA in 

the mass range above m/z 139 increased with no increases in TMA in the mass range under m/z 138. It 

seems that high molecular weight secondary products (m/z > 220) were produced by combination and 

they were condensed onto secondary organic aerosols. According to the literature [39], secondary 

products are produced by reactions of high reactive secondary products and acetaldehyde exhibit a low 
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boiling point, which causes condensation of secondary products. These results show good agreement 

with the results in this study. Figure 9 shows effects of coexistent CCs on combination in the reaction 

of limonene with ozone. Like the results in the experiments with α-pinene, the addition of 

acetaldehyde improved the polymerization, and the incorporation of formaldehyde inhibited it. 

Figure 9. Effects of coexistent CCs on the combination in the reaction of limonene with 

ozone (TMA in the mass range (a) and above m/z 139 (b) below m/z 138). 
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4. Conclusions 

Effects of coexistent CCs on the ozone oxidation of terpenes were investigated by the measurement 

of secondary products during the ozone oxidation of terpenes based on PTR-MS analysis. The addition 

of coexistent CCs clearly affected the reaction pathways of the ozone oxidation of terpenes, even in the 

case of low concentrations of coexistent CCs. Secondary products were significantly affected by the 

type of compound used. Although both acetaldehyde and formaldehyde are classified as carbonyl 

compounds, they showed opposite effects on the productions of secondary products. The mechanisms 

of the influences of the addition of coexistent CCs are not clear in this study, because the ozone 

oxidation of terpenes involves many complex reactions. However, this research did suggest 

qualitatively the effects of the addition of coexistent CCs on the ozone oxidation of terpenes based on 

the PTR-MS analysis. That is, the addition of acetaldehyde activated the production of high molecular 

weight secondary products, and the addition of formaldehyde inhibited the production of high 

molecular weight secondary products during the ozone oxidations of terpenes. 

Experimental results in this study could help to reveal the accurate mechanism for the production of 

secondary organic aerosols by the ozone oxidation of terpenes. In order to determine the reaction 

pathway in the reactions of terpenes with ozone with coexistent CCs, secondary products should be 

identified in future work. To understand of effects of coexistent CCs is important to make residential 

indoor environments safer. 

 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3868

References 

1. Weschler, C.J. Ozone in indoor environments: Concentration and chemistry. Indoor Air 2000, 10, 

269-288. 

2. Weschler, C.J. Ozone’s impact on public health; contribution from indoor exposures to ozone and 

products of ozone-initiated chemistry. Environ. Health Perspect. 2006, 114, 1489-1496. 

3. Britigan, N.; Alshawa, A.; Nizkorodov, S.A. Quantification of ozone levels in indoor 

environments generated by ionization and ozonolysis air purifiers. J. Air Waste Manage. Assoc. 

2006, 56, 601-610. 

4. Niu, J.L.; Tung, T.C.W.; Burnett, J. Ozone emission rate testing and ranking method using 

environmental chamber. Atmos. Environ. 2001, 35, 2143-2151. 

5. Phillips, T.J.; Bloudoff, D.P.; Jenkins, P.L.; Stroud, K.R. Ozone emissions from a ‘‘personal air 

purifier’’. J. Expo. Anal. Environ. Epidemiol. 1999, 9, 594-601. 

6. Lee, S.C.; Lam, S.; Fai, H.K. Characterization of VOCs, ozone, and PM 10 emissions from office 

equipment in an environmental chamber. Build. Environ. 2001, 36, 837-842. 

7. Leovic, K.W.; Sheldon, L.S.; Whitaker, D.A.; Hetes, R.G.; Calcagni, J.A.; Baskir, J.N. 

Measurement of indoor air emissions from dry-process photocopy machines. J. Air Waste Manage. 

Assoc. 1996, 46, 821-829. 

8. Singer, B.C.; Coleman, B.K.; Destaillats, H.; Hodgson, A.T.; Lunden, M.M.; Weschler, C.J.; 

Nazaroff, W.W. Indoor secondary pollutants from cleaning product and air freshener use in the 

presence of ozone. Atmos. Environ. 2006, 40, 6696-6710. 

9. Allen, R.J.; Wadden, R.A.; Ross, E.D. Characterization of potential indoor sources. Am. Ind. Hyg. 

Assoc. J. 1978, 39, 466-471. 

10. Leovic, K.W.; Sheldon, L.S.; Whitaker, D.A.; Hetes, R.G.; Calcagni, J.A.; Baskir, J.N. 

Measurement of indoor air emissions from dry-process photocopy machines. J. Air Waste Manage. 

Assoc. 1996, 46, 821-829. 

11. Alshawa, A.; Russell, A.R.; Nizkorodov, S.A. Kinetic analysis of competition between aerosol 

particle removal and generation by ionization air purifiers. Environ. Sci. Technol. 2007, 41,  

2498-2504. 

12. Weschler, C.J.; Shields, H.C. Measurements of the hydroxyl radical in a manipulated but realistic 

indoor environment. Environ. Sci. Technol. 1997, 31, 3719-3722. 

13. Wolkoff, P.; Clausen, P.A.; Wilkins, C.K.; Nielsen, G.D. Formation of strong airway irritants in 

terpene/ozone mixtures. Indoor Air 2000, 10, 82-91. 

14. Nazaroff, W.W.; Weschler, C.J. Cleaning products and air fresheners: exposure to primary and 

secondary air pollutants. Atmos. Environ. 2004, 38, 2841-2865. 

15. Coleman, B.K.; Lunden, M.M.; Destaillats, H.; Nazaroff, W.W. Secondary organic aerosol from 

ozone-initiated reactions with terpene-rich household products. Atmos. Environ. 2008, 42,  

8234-8245. 

16. Wainman, T.; Zhang, J.; Weschler, C.J.; Lioy, P.J. Ozone and limonene in indoor air: A source of 

submicron particle exposure. Environ. Health Perspect. 2000, 108, 1139-1145. 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3869

17. Langer, S.; Moldanová, J.; Arrhenius, K.; Ljungström, E.; Ekberg, L. Ultrafine particles produced 

by ozone/limonene reactions in indoor air under low/closed ventilation conditions. Atmos. Environ. 

2008, 42, 4149-4159. 

18. Saarela, K.; Tirkkonene, T.; Laine-Ylijoki, J.; Jurvelin, J.; Nieuwenhuijsen, M.J.; Jantunen, M. 

Exposure of population and microenvironmental distributions of volatile organic compounds in 

the EXPOLIS study. Atmos. Environ. 2003, 37, 5563-5575. 

19. Löefroth, G.; Burton, R.M.; Forehand, L.; Hammond, S.K.; Seila, R.L.; Zweidinger, R.B.;  

Lewtas, J. Characterization of environmental tobacco smoke. Environ. Sci. Technol. 1998, 23, 

610-614. 

20. Jones, A.W. Measuring and reporting the concentration of acetaldehyde in human breath. Alcohol 

Alcoholism 1995, 30, 271-285. 

21. Calogirou, A.; Larsen, B.R.; Kotzias, D. Gas-phase terpene oxidation products: A review. Atmos. 

Environ. 1999, 33, 1423-1439. 

22. Atkinson, R.; Arey, J. Gas-phase tropospheric chemistry of biogenic volatile organic compounds: 

A review. Atmos. Environ. 2003, 37, 197-219. 

23. Lee, A.; Goldstein, A.H.; Kroll, J.H.; Ng, N.L.; Varutbangkul, V.; Flagan, R.C.; Seinfeld, J.H. 

Gas-phase products and secondary aerosol yields from the photooxidation of 16 different terpenes. 

J. Geophys. Res. 2006, 111, D17305. 

24. Lee, A.; Goldstein, A.H.; Keywood, M.D.; Gao, S.; Varutbangkul, V.; Bahreini, R.; Ng, N.L.; 

Flagan, R.C.; Seinfeld, J.H. Gas-phase products and secondary aerosol yields from the ozonolysis 

of ten different terpenes. J. Geophys. Res. 2006, 111, D07302. 

25. Rohr, A.C.; Weschler, C.J.; Koutrakis, P; Spengler, J.D. Generation and quantification of ultrafine 

particles through terpene/ozone reaction in a chamber setting. Aerosol Sci. Technol. 2003, 37,  

65-78. 

26. Wolkoff, P.; Wilkins, C.K.; Clausen, P.A.; Nielsen, G.D. Organic compounds in office 

environments-sensory irritation, odor, measurements and the role of reactive chemistry. Indoor Air 

2006, 16, 7-19. 

27. Anita, L.; Allen, H.G.; Melita, D.K.; Song, G.; Varuntida, V.; Roya, B.; Naga, L.N.; Richard, 

C.Flagan.; John, H.S. Gas-phase products and secondary aerosol yields from the ozonolysis of ten 

different terpenes. J. Geophys. Res. 2006, 111, 443-460. 

28. Kei, S.; Björn, K.; Shiro, H.; Takashi, I. Secondary organic aerosol formations during atmospheric 

oxidation of aromatic hydrocarbons. Earozoru Kenkyu. 2008, 23, 86-93. 

29. Wiglusz, R.; Jarnuszkiewicz, I.; Sitko, E.; Wolska, L. Hygienic aspects of the use of  

pressed-wood products in residential buildings. Part I the effect of particleboards ageing on release 

of formaldehyde. Bull. Inst. Marit. Trop. Med. Gdynia. 1990a, 41, 73-78. 

30. Wiglusz, R.; Jarnuszkiewicz, I.; Sitko, E.; Wolska, L. Hygienic aspects of the use of pressed-wood 

products in residential buildings. Part II. the effect of environmental conditions temperature and 

relative humidity on formaldehyde emission from particleboards. Bull. Inst. Marit. Trop. Med. 

Gdynia 1990b, 41, 79-87. 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3870

31. Clarisse, B.; Laurent, A.N.; Seta, N.; Moullec, L.; El Hasnaoui, A.; Momas, L. Indoor aldehydes: 

Measurement of contamination levels and identification of their determinants in Paris dwellings. 

Environ. Res. 2003, 92, 245-253. 

32. Khamaganov, V.G.; Hites, R.A. Rate Constants for the Gas-Phase Reactions of Ozone with 

Isoprene, α- and β-Pinene, and Limonene as a Function of Temperature. J. Phys. Chem. A 2001, 

105, 815-822. 

33. Shu, Y.; Atkinson, R. Rate constants for the gas-phase reactions of O3 with a series of terpenes 

and OH radical formation from the O3 reactions with sesquiterpenes at 296 ± 2 K. Int. J. Chem. 

Kinet. 1994, 26, 1193-1205. 

34. Schrader, W.; Geiger, J.; Godejohann, M. Studies of complex reactions using modern hyphenated 

methods: α-Pinene ozonolysis as a model reaction. J. Chromatogr. A 2005, 1075, 185-196. 

35. Stedman, D.H.; Niki, H. Ozonolysis rates of some atmospheric gases. Environ. Lett. 1973, 4,  

303-310. 

36. Braslavsky, S.; Heicklen, J. The gas-phase reaction of O3 with H2CO. Int. J. Chem. Kinet. 1976, 8, 

801-808. 

37. Christian, T.J.; Kleiss, B.; Yokelson, R.J.; Holzinger, R.; Crutzen, P.J.; Hao, W.M.; Shirai, T.; 

Blake, D.R. Comprehensive laboratory measurements of biomass-burning emissions: 2. First 

intercomparison of open-path FTIR, PTR-MS, and GC-MS//FID//ECD. J. Geophys. Res. 2004, 

109, D02311. 

38. Van den Bergh, V.; Vanhees, I.; Boer, R.D.; Compernolle, F.; Vinckier, C. Identification of the 

oxidation products of the reaction between α-pinene and hydroxyl radicals by gas and  

high-performance liquid chromatography with mass spectrometric detection. J. Chromatogr. A 

2000, 896, 135-148. 

39. Johnson, D.; Jenkin, M.E.; Wirtz, K.; Martin-Reviejo, M. Simulating the formation of secondary 

organic aerosol from the photooxidation of toluene. Environ. Chem. 2004, 1, 150-165. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


