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Abstract: Volatile organic compounds (VOCs) emitted from building and vehicle cabin materials
seriously affect indoor and in-cabin air quality, as well as human health. Previous studies revealed
that some VOCs from building materials could react with ozone to affect the concentration levels of
the indoor environment, but seldom refers to vehicle cabin materials. In this study, we performed
experimental investigation for two kinds of vehicle cabin materials (car carpet, sealing strip) and one
furniture material (medium-density fiberboard) by conducting small-scale chamber tests under two
different conditions, with ozone (about 110 µg/m3) and without ozone (about 10 µg/m3), to explore
the effect of in-cabin chemistry on VOC emissions. We observed the VOC concentration changes in
the two scenarios and found that ozone had a significant impact on the concentrations of aldehydes
and ketones while having little impact on the concentrations of benzene series. We introduced a gain
ratio to quantitatively reflect the concentration changes in the presence of ozone. The gain ratio for
aldehydes and ketones is greater than one, while that for the benzene series is basically around one
with a small fluctuation range. This study demonstrates that ozone can react with VOCs containing
unsaturated carbon–carbon bonds or carbon–oxygen bonds emitted from varied materials to produce
aldehydes and ketones, which will further reduce indoor and in-cabin air quality.

Keywords: ozone; vehicle cabin material; furniture material; volatile organic compounds (VOCs);
in-cabin air quality

1. Introduction

People spend about 87% of their time indoors, with an average of about 1.5 h a day in
cars. Indoor and in-cabin air quality has an important impact on people’s comfort, health,
and work efficiency [1–5]. More than 100 volatile organic compounds (VOCs) have been
detected in the indoor environment [6], and the VOCs emitted from building materials are
responsible for poor indoor air quality. The VOCs with high concentrations and adverse
health effects mainly include benzene, toluene, xylene, ethylbenzene, styrene, formalde-
hyde, acetaldehyde, acrolein, and some other pollutants stipulated in the Chinese national
standard GB/T 27630 [7]. According to the statistics of the World Health Organization
in 2015, about 4.3 million people die every year worldwide due to indoor and in-cabin
air pollution, which is comparable to that of outdoor pollution [8,9]. Formaldehyde has
a strong irritating odor, and its toxicity is mainly manifested in the nervous system and
respiratory system symptoms. When indoor formaldehyde level reaches 0.1 mg/m3, it can
cause throat discomfort or pain, and when the concentration is higher, it can cause nausea,
vomiting, and even death [10]. Therefore, conducting in-depth research on VOCs in indoor
and in-cabin environments is of great importance to control and improve air quality.

The VOCs in indoor environments not only come from the physical emissions of
materials [11] but also are related to the chemical reactions of other substances in materials
with strong oxidizing compounds such as ozone and hydroxide [12–14]. Observing and
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understanding indoor chemical reactions is very important for studying indoor air quality.
Previously, some scholars conducted in-depth research on ozone/body chemistry [15–23].
Ozone, hydroxyl, and other substances can react with squalene and unsaturated fatty acids
on indoor people’s skin to generate VOCs, which pose great risks to human health [15,16].
Among them, ozone is a very powerful oxidizing agent that can react rapidly with certain
classes of organics, especially those containing unsaturated carbon–carbon bonds and
carbon–oxygen bonds [24]. These reactions result in the emergence of a series of volatile
oxidation products. Some researchers performed experimental studies on the reaction
between ozone and building materials and recorded the ozone removal rate on the surface
of different materials, as well as the primary and secondary VOC emissions [25–27]. Nicolas
et al. [28] selected carpet, gypsum board, and pine wood board as reaction materials and
placed them, respectively, in environmental chambers in the presence and absence of
ozone, and found that the concentrations of some VOCs, e.g., formaldehyde and nonanal,
increased significantly when exposed to ozone. Schripp et al. [29] reported the emission
amounts of monoterpenes, organic acids, and aldehydes in a series of wood-building
products, paints, and exotic wood samples, and observed that the emission amounts of
VOCs varied in different degrees.

The prior experimental studies mentioned above are mainly focused on the reaction
between indoor building materials and ozone, while very few studies refer to the reaction
between vehicle cabin materials and ozone. Although people spend less time in cabins than
indoors, the concentration levels of VOCs in the in-cabin environment are generally higher
than those in the indoor environment [30,31]. Especially in the hot summer season, when
the vehicle is exposed to the sun, the VOC emissions will increase significantly. The in-cabin
environment has become a special microenvironment that cannot be ignored [32–34]. It should
be noted that the air quality in the vehicle also has an important impact on people’s health.
Therefore, it is still necessary to study the reaction of ozone with vehicle cabin materials.

In view of this, this study performs an experimental observation on the reaction of
ozone with two kinds of vehicle cabin materials (car carpet and seal strip), as well as
one kind of furniture material (medium-density fiberboard), to examine the emissions of
aldehydes and ketones, and benzene series. We further analyze the VOC concentration
levels emitted from each material and explore the reaction behaviors of ozone with each
material, to provide some data for the in-depth mechanism study of reactions in the
in-cabin environment.

2. Experiments and Methods
2.1. Tested Materials

Three materials were selected for the experiments, i.e., two vehicle cabin materials
(car carpet, sealing strip), and one wood-based material used for manufacturing furni-
ture (medium-density fiberboard, MDF). Before the experiment, these materials had been
wrapped with plastic wrap and placed in airtight bags for some time, to maintain uniform
internal concentration. In addition, five sides of the tested materials were sealed with tin
foil so that VOCs could be released just from one side, forming a one-dimensional diffu-
sion within it, as shown in Figure 1. The detailed material dimensions and experimental
conditions are summarized in Table 1.
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Figure 1. Schematic of the wrapped sealing on five sides of the tested material.
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Table 1. Detailed test material dimensions and experimental conditions.

Tested Materials Temperature Relative Humidity Dimensions (cm × cm)

Car carpet 23.6 ◦C 50% 15 × 12
Sealing strip 25.0 ◦C 50% 12 × 8

Medium-density
fiberboard (MDF) 25.0 ◦C 50% 10 × 10 (3 pieces)

2.2. Experimental System

The experimental system mainly includes the following parts: a 30 L stainless steel
chamber, flowmeter, temperature and humidity control system, temperature and humidity
sensor, gas cylinder, and ozone generator. According to standard of the American Society for
Materials and Testing (ASTM), the chamber was made of stainless steel with fully polished
internal wall, to minimize the adsorption and desorption effect of VOC gas molecules
onto the inner wall of the chamber. To make the gas evenly distribute in the chamber
and simulate the indoor/in-cabin environment to a great extent, a fan was installed in
the chamber during the whole experiment. To ensure the tightness of the chamber under
working conditions, the cover of the chamber was tightly fitted on the chamber with bolts
and rubber rings. A schematic diagram of the experimental system is shown in Figure 2.
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Figure 2. Schematic of the volatile organic compounds (VOCs) emission and reaction testing system.
1: gas cylinder; 2: valve; 3: mass flow controller; 4: humidification tank; 5: three-way valve; 6: empty
tank; 7: gas cylinder; 8: valve; 9: mass flow controller; 10: humidification tank; 11: empty tank; 12:
three-way valve; 13: ozone generator; 14: temperature and humidity sensor; 15: chamber; 16: water
bath; 17: sampling tube; 18: sampling pump.

The 30 L chamber meets the standards of ISO 16000-9 and ASTM D5116-97. The inner
chamber is 430 mm in height, 300 mm in diameter, and made of 304 stainless steel. After
polishing, it can effectively avoid the influence of VOC wall adsorption on concentration
monitoring. The chamber is divided into two parts: chamber cover and chamber body.
There is a fan at the top of the cover. Through the agitation of the fan blade, the concentra-
tion of VOC in the chamber is uniform. There is an empty cavity area outside the chamber
body for water bath circulation, and the two interfaces of the cavity are symmetrical and
are connected with the water bath by the rubber hose. During the experiment, we used the
water bath to control the temperature and use the humidity control system (humidification
tank, three-way valve, and empty tank) to control the humidity in the chamber, so as to
avoid the influence of temperature and humidity changes on VOC concentration.

2.3. Procedures of Experiments and VOC Analysis

The experimental process includes two stages: airtight condition and ventilated condi-
tion. Firstly, the tested material, as the VOC emission source, was put inside the airtight
chamber to emit for 13 h. According to the results of pre-experiments, the VOC concen-



Atmosphere 2023, 14, 769 4 of 15

tration in the airtight chamber basically reached an equilibrium in about 13 h. When the
VOC concentration reached equilibrium, clean air was introduced into the chamber. For the
experimental group without ozone, the VOC emission from material is a physical process,
and the concentration will show a downward trend. The chamber was ventilated at a
constant air exchange rate (AER). The AER is an important factor affecting in-cabin air
quality. Chaudhry et al. [35] conducted experiments on a school bus parked outdoors,
and found that when the school bus was stationary with windows closed, the AER was
between 2.10 and 6.71/h. Ott et al. [36] observed that when the vehicle speed was between
32–116 km/h and the ventilation system was closed, the AER was less than 7/h. Therefore,
an AER of 4/h is selected in this study. For the ventilated condition, two groups of parallel
experiments were designed to compare the emission of VOCs due to reaction. For one
group (ozone-free), 99.9% pure air was introduced into the chamber, and for the other group
(ozone-present), air containing constant ozone generated by a portable ozone generator
(CH-ZTW) was introduced into the chamber. For the ozone-free group, the airflow rate
was 2 L/min. For the ozone-present group, the flow rate of pure air from the cylinder was
1.5 L/min air, which was then mixed with ozone (flow rate was 0.5 L/min). In the ozone-
free experiments, the ozone concentration was between 7.9 and 11.8 µg/m3 for the three
materials, and the average concentration was 9.9 µg/m3. While in the ozone-present ex-
periments, the ozone concentration was between 97.1 and 134.2 µg/m3, and the average
concentration was 109.6 µg/m3. The reason for selecting these levels of ozone concentra-
tion was that a field test on a realistic vehicle, conducted by us [37], found that the ozone
concentration was around 10 µg/m3 when the car was stationary with closed windows,
and was around 107 µg/m3 when the car was ventilated with windows open.

An ozone monitoring instrument (2B-205) was used to measure the ozone concentra-
tion at the outlet of the chamber at the time of 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 7 h, 9 h. After
9 h of ventilation, the VOC concentration level in the chamber was very low, so there
might be a large measurement uncertainty if sampling continued. Therefore, sampling
concentration within 9 h of the ventilation condition was selected for analysis and discus-
sion. Subsequently, Tenax-TA (for VOCs excluding aldehydes) or DNPH (for aldehydes)
tubes were connected to the outlet of the chamber to sample the gas-phase VOCs using a
sampling pump. These sampling tubes were analyzed using gas chromatography/mass
spectroscopy (GC-MS, Agilent Technologies, 7890A/5975C) or high-performance liquid
chromatography (HPLC, Shimadzu, LC-15C) to obtain concentration data of VOCs in the
chamber. For HPLC sampling tube, the detection limit of single compound concentration
was 0.002 mg/m3. The Tenax-TA tube collected two samplings at each time point and took
the average value of the two samplings as the concentration of VOCs in the gas phase.

3. Results and Discussion

The VOC concentrations in different experiments were analyzed. The target VOCs
include benzene series, aldehydes, and ketones. The benzene series include n-hexane, ben-
zene, trichloroethylene, toluene, octene, butyl acetate, ethylbenzene, p-m-xylene, nonane,
o-xylene, styrene, 2-ethylhexyl alcohol, undecane, tetradecane, and cetane. Aldehydes
and ketones include formaldehyde, acetaldehyde, acrolein, acetone, propionaldehyde,
butenal, 2-methacrolein, 2-butanone, butyraldehyde, benzaldehyde, valeraldehyde, m-
methylbenzaldehyde, and hexanal. The results are shown in Figure 3. It can be seen that
for different materials, the main type of emitted VOCs is not the same. This is due to the
difference in the raw material for each tested material: the main raw material of the car
carpet is leather and polyester sponge; the main raw material of the sealing strip is rubber;
the main raw material of the MDF is wood fiber and resin glue.
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Figure 3. Comparison of experimental data for (a) car carpet under ozone-free condition; (b) car
carpet under ozone-present condition; (c) sealing strip under ozone-free condition; (d) sealing strip
under ozone-present condition; (e) medium-density fiberboard (MDF) under ozone-free condition;
(f) MDF under ozone-present condition.

3.1. VOC Compositions of Different Materials

For the car carpet shown in Figure 3a, the top four VOCs of the ozone-free group
are acetone, toluene, formaldehyde, and acetaldehyde, accounting for 94% in total (the
average gas-phase concentration of the sampled data within 9 h is used). As shown in
Figure 3b, the top six VOCs of the ozone-present group are 2-butanone, acetaldehyde,
acetone, toluene, formaldehyde, and p-m-xylene. It accounts for 93% of the total. VOC
concentrations increased from 734.75 µg/m3 in the absence of ozone to 1039.27 µg/m3

in the presence of ozone by 41.4%. Aldehyde and ketone concentrations accounted for
79% of the total amount under both the ozone free and present conditions, which has a
greater effect on the overall concentration change. Since the temperature and humidity of
the two groups of experiments are the same, the material is cut from the same material,
and the material size and the emission area are the same, the initial emission concentration
of the two groups can be approximately considered to be the same. The change in the
total amount indicates that the presence of ozone does have a significant impact on the
concentration levels of VOCs in the environmental chamber. The most obvious changes are
two VOCs, 2-butanone and acetone.
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For the sealing strip, the change in the total amount also indicates that the presence of
ozone greatly affects the concentration level of VOCs in the chamber. For the ozone-free
group, as shown in Figure 3c, the top six VOCs are p-m-xylene, acrolein, o-xylene, acetone,
ethylbenzene, and acetaldehyde, taking up 88% in total. For the ozone-present group, as
shown in Figure 3d, the top six VOCs are p-m-xylene, o-xylene, acetone, ethylbenzene,
acetaldehyde, and acrolein, taking up 92% of the total. VOC concentrations increased from
1339.69 µg/m3 for the ozone-free group to 1454.73 µg/m3 for the ozone-present group,
with an increase of 8.6%. The levels of benzene and benzene series took up 68% and 67% of
the total concentrations under the ozone free condition and the ozone present condition,
respectively. The reaction between ozone and the material can be characterized by a Criegee
mechanism, which is reflected in the reaction between ozone and carbon–carbon double
bond [38,39]. For the benzene series, the number of double bonds is small, and the amount
of reaction is relatively small, so the change in VOC concentrations is not obvious for the
sealing strip.

For MDF, in the ozone-free scenario shown in Figure 3e, the top five VOCs are 2-
butanone, formaldehyde, acetaldehyde, 2-ethylhexanol, and toluene, accounting for 81%
of the total. In the ozone-present scenario shown in Figure 3f, the top five VOCs are
2-butanone, formaldehyde, acetaldehyde, 2-ethylhexanol, and toluene, accounting for
90% of the total. VOC concentrations increased from 365.15 µg/m3 in the absence of
ozone to 384.25 µg/m3 in the presence of ozone by 5.2%. The relatively small variation
implies that the sensitivity of MDF to ozone is low. Aldehyde and ketone concentrations
accounted for 60% of the total amount in the absence of ozone and 71% in the presence of
ozone, respectively. The increase in the total amount reveals that the presence of ozone
does impact the concentration level of VOCs in the chamber, meaning ozone-initiated
chemistry happens.

3.2. Comparative Analysis of Concentration Changes for Some Typical Aldehydes and Ketones in
Different Tested Materials

(1) Sealing strip

Since the tested material was put inside the airtight chamber and emitted for 13 h
before it was changed to the ventilated condition, the concentration of pollutants at the
beginning of ventilated condition was not zero. For the ozone-free group (average ozone
concentration of 11.8 µg/m3), the formaldehyde concentration level is very low (about
5 µg/m3), as shown in Figure 4a. For the ozone-present group (average ozone concentra-
tion of 97.1 µg/m3), Figure 4a shows that the formaldehyde concentration is low at the
beginning, but then increases significantly with the introduction of ozone, reaching the
highest 35 µg/m3, and then decreases. The change tendency for acetaldehyde is given in
Figure 4b. As can be seen in this figure, at the initial stage, there is little difference in the
gas-phase concentration under the two conditions. With time by introducing ozone, the
acetaldehyde concentration for the ozone-present scenario is significantly higher than that
for the ozone-free scenario.

In Figure 4c, the concentration of acetone in the sealing strip is higher in the presence
of ozone, and lower in the absence of ozone. It can be seen from Figure 4d that the
concentration of acrolein is extremely low at high ozone concentration. However, in the
case of no ozone, the concentration is high at the initial stage and then decreases with
the flow out of the chamber through ventilation. In both cases, the difference in acrolein
concentration may be due to the carbon–carbon bond and carbon–oxygen bond in the
structure of acrolein, which can be easily oxidized by ozone to produce new substances.
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Figure 4. Comparison of experimental data for ozone reaction with sealing strip (a) formaldehyde;
(b) acetaldehyde; (c) acetone; (d) acrolein.

According to the Criegee ozonation reaction [38–42], ozone can react rapidly with
olefins in the material. The change in acrolein concentration in the present study was
comparable to the previous studies in the atmospheric chemistry community [43]. As
shown in Figure 5, the acrolein-ozone reaction is triggered by the electrophilic addition of
ozone to the unsaturated carbon–carbon bond, which then breaks down the 1,2,3-trioxane
adduction monomolecular into two carbon groups, formaldehyde and glyoxal, and two
Criegee intermediates (CIs). CH2OO can be combined with the carbon–carbon bond and
carbon–oxygen bond of acrolein to form a five-membered cycload mixture, and the most
competitive reaction channel is CH2OO on the carbon–oxygen bond to form a secondary
ozonide (SOZ) [44]. At low pressure, some of SOZ decompose into formic acid + acrolein or
formaldehyde + acrylic acid. Based on these reactions, the concentration of formaldehyde
and other VOCs in the chamber increased.
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(2) Car carpet

Through the detection of ozone concentration at each sampling point, we observed
that the average ozone concentration within 9 h (ventilated condition) in the chamber
with pure air was 10.0 µg/m3. At such a low ozone concentration, the formaldehyde
concentration does not change significantly over time, as shown in Figure 6a. The reason
may be that the formaldehyde emitted by the material is roughly the same as the amount
of formaldehyde leaving the chamber. In the ventilated chamber with the presence of
ozone, the average ozone concentration within 9 h is 134.2 µg/m3. At such a high ozone
concentration, the formaldehyde concentration shows a trend of first rising and then falling.
Formaldehyde concentration reaches its maximum after 1 h of ventilation. It is preliminarily
inferred that the upward trend may be due to the reaction of ozone with certain compounds
containing carbon–carbon double bonds (terminal) to produce formaldehyde, which may
subsequently be similar to the low ozone concentration level because of the reduction of
the initial reactant and less production rate than the ventilation loss rate (AER of 4/h).

For the ozone-present group shown in Figure 6b, acetaldehyde concentration also
shows a trend of rising first and then stabilizing, which clearly demonstrates the influence
of ozone on these typical pollutants in vehicle cabins. Formaldehyde and acetaldehyde are
typical products of the reaction between ozone and unsaturated VOCs emitted from car
carpets. Therefore, their concentrations are expected to increase in the presence of ozone.
By comparing Figure 6a,b, we can see that the increase in the concentration of acetaldehyde
is more significant than that of formaldehyde. This suggests that a major precursor is a
compound with a double bond at the 2 sites.
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Figure 6. Comparison of experimental data for ozone reaction with car carpet (a) formaldehyde;
(b) acetaldehyde; (c) acetone; (d) 2-butanone.

For acetone, its concentration showed different changes, as shown in Figure 6c. In the
presence of ozone, the concentration of acetone was relatively low, while in the absence of
ozone, the concentration was relatively high. The change in 2-butanone concentration in
Figure 6d more vividly shows the effect of ozone on the concentration of gaseous pollutants.
In the absence of ozone, the concentration of 2-butanone was near zero in the outlet gas.
However, in the presence of ozone, a certain level concentration of 2-butanone was detected
at the initial point. The preliminary conclusion may be that the reaction produced less
2-butanone because the ozone was just injected for a short time. Subsequently, the yield of
2-butanone was roughly equal to the loss of ventilation, and the concentration showed a
slow decline.

(3) MDF

Different from the vehicle cabin materials, the main emitted aldehydes and ketones of
the MDF for manufacturing indoor furniture are formaldehyde, acetaldehyde, and some
other pollutants with very low concentrations. As can be seen from Figure 7a, there is
little difference in formaldehyde concentration between the two ozone concentrations in
the first 2 h after ventilation begins, while formaldehyde concentration increases by about
60% at high ozone concentration after ventilation begins. At a high ozone concentration
(97.3 µg/m3), the overall concentration of formaldehyde is higher. At low ozone concentra-
tion (7.9 µg/m3), acetaldehyde concentration decreases gradually as shown in Figure 7b.
At high ozone concentration, acetaldehyde concentration increases to about 90 µg/m3.
Figure 7c gives the results for 2-butanone. The concentration of 2-butanone of MDF is
slightly higher in the presence of ozone than that in the absence of ozone, and the average
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concentration of ventilation is 12.8% higher than in the presence of ozone. In addition,
in the presence of ozone for 1 h, its concentration is 73% higher than that in the presence
of ozone.
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Figure 7. Comparison of experimental data of for ozone reaction with MDF (a) formaldehyde;
(b) acetaldehyde; (c) 2-butanone.

3.3. Comparative Analysis of Concentration Changes for Benzene Series in Different
Tested Materials

The benzene series was also tested in the experiments. We found that ozone had little
influence on the benzene series selected in our experiment. Figure 8 shows the results for
different material-VOC combinations. For car carpets, toluene and p-m-xylene are selected
for analysis, since their concentrations are at relatively high levels compared with other
compounds. For these benzene series, there is little difference between the ozone-present
case and the ozone-free case, which may be related to the structure of the benzene series.
Benzene rings are exceptionally stable, which is not easy to react with ozone and is unlikely
to be the reaction product of some precursor substances with ozone. For the combinations
of sealing strip and MDF with some typical benzene series, the change patterns are almost
the same due to similar reasons.
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Figure 8. Comparison of experimental data for different material/VOC combinations (a) car car-
pet/toluene; (b) car carpet/p-m-xylene; (c) sealing strip/p-m-xylene; (d) sealing strip/o-xylene;
(e) sealing strip/ethylbenzene; (f) MDF/toluene.

3.4. Calculation of Gain Ratio for the Oxidized Products

In order to quantitatively describe the influence of ozone on VOC concentrations in the
tests, we introduce a gain ratio for analysis. It is defined as the ratio of VOC concentrations
in the presence of ozone to that in the absence of ozone (ϕ), which is expressed as:

ϕ =
Cozone−pre

Cozone−abs
(1)
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where Cozone-pre is the VOC concentrations in the presence of ozone, µg/m3; Cozone-abs is
the VOC concentrations in the absence of ozone, µg/m3.

Several VOCs with obvious concentration changes among the three tested materials
were selected for calculation, e.g., acetaldehyde of car carpet, acetaldehyde of sealing strip,
and formaldehyde of MDF. Figure 9a gives the results for aldehydes and ketones, which
indicates that the ϕ values are greater than one during the whole ventilated stage. In
Figure 9b, the ϕ values of the benzene series are listed. It can be seen from this figure that
the ϕ values are all basically around one with a small fluctuation range, implying that
the benzene series are not sensitive enough to the change in ozone concentration. This
quantitative analysis effectively demonstrates that the increase in the concentration of
aldehydes and ketones is related to the reaction between ozone and precursor substances
containing unsaturated carbon–carbon bonds or carbon–oxygen bonds, and ozone is not
easy to react with benzene series or to form benzene series with some precursor substances.
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Figure 9. The gain ratio of different VOCs in the three tested materials (a) aldehydes and ketones;
(b) benzene series.

It should be noted that this study just performed a preliminary experimental investi-
gation on the reactions between ozone and vehicle cabin/furniture material. According
to previous studies on the physical emission of VOCs from materials [45,46], temperature,
humidity, air exchange rate, and loading ratio will impact the VOC concentration levels in
the chamber or indoor environment. Some researchers explored the relationship between
temperature, humidity, and indoor concentration (or emission rate, or key emission param-
eters) [11]. Some other experimental studies showed that increasing air exchange rates and
controlling the type of building materials used in home construction could decrease indoor
formaldehyde concentrations in new homes [47,48]. The humidity (water vapor) might also
impact the fates of some reactions [49]. For the present study, although we just examined
the reactions between ozone and material in a certain temperature and humidity (a specific
case), the methods and procedures could be used to explore the reaction characteristics
under other environmental conditions.

4. Conclusions

In this study, we made an experimental observation to explore the reaction behaviors
of ozone with varied materials in in-cabin and indoor environments. Two kinds of vehicle
materials (car carpet, sealing strip) and one kind of indoor furniture material (MDF) were
selected for the tests. Results indicate that, for different materials, the main VOCs released
are not completely the same. For car carpets and MDF, the main VOCs are aldehydes and
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ketones, while there are benzene series for the sealing strip. We observe that the concentra-
tions of various aldehydes and ketones are greatly affected by the concentration of ozone,
while the concentrations of benzene series containing only carbon atoms and hydrogen
atoms do not change under the condition of different ozone levels. Some possible reaction
mechanisms are applied to analyze the different change phenomena. Future research will
examine the impact of some environmental factors (e.g., temperature, humidity, AER) on
the reaction characteristics, deeply and quantitatively uncover the reaction mechanism and
process principle, as well as model the reaction process between ozone and various vehicle
cabin materials.

Author Contributions: Conceptualization, Y.G. and J.X.; methodology, Y.G., H.W. and J.X.; formal
analysis, H.W.; investigation, Y.G. and M.Z.; writing—original draft preparation, Y.G.;
writing—review and editing, M.Z., H.W. and J.X.; visualization, Y.G. and H.W.; funding acquisition,
J.X. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China
(No. 52178062). We thank the financial support from the China Scholarship Council (202106030100) for
the joint Ph.D. program between the Beijing Institute of Technology, China, and École Polytechnique
Fédérale de Lausanne (EPFL), Switzerland.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Klepeis, N.E.; Nelson, W.C.; Ott, W.R.; Robinson, J.P.; Tsang, A.M.; Switzer, P.; Behar, J.V.; Hern, S.C.; Engelmann, W.H. The

National Human Activity Pattern Survey (NHAPS): A resource for assessing exposure to environmental pollutants. J. Expo. Anal.
Environ. Epidemiol. 2001, 11, 231–252. [CrossRef]

2. Xu, B.P.; Liu, Y.K.; Dou, Y.Z.; Hao, L.; Wang, X.; Xiong, J.Y. Study on the effect of an intermittent ventilation strategy on controlling
formaldehyde concentrations in office rooms. Atmosphere 2022, 13, 102. [CrossRef]

3. Zhu, Y.; Eiguren-Fernandez, A.; Hinds, W.C.; Miguel, A.H. In-cabin commuter exposure to ultrafine particles on Los Angeles
freeways. Environ. Sci. Technol. 2007, 41, 2138–2145. [CrossRef] [PubMed]

4. Knibbs, L.D.; Cole-Hunter, T.; Morawska, L. A review of commuter exposure to ultrafine particles and its health effects. Atmos.
Environ. 2011, 45, 2611–2622. [CrossRef]

5. Hudda, N.; Kostenidou, E.; Sioutas, C.; Delfino, R.J.; Fruin, S.A. Vehicle and driving characteristics that influence in-cabin particle
number concentrations. Environ. Sci. Technol. 2011, 45, 8691–8697. [CrossRef] [PubMed]

6. Yoshida, T.; Matsunaga, I.; Tomioka, K.; Kumagai, S. Interior air pollution in automotive cabins by volatile organic compounds
diffusing from interior materials: I. Survey of 101 types of Japanese domestically produced cars for private use. Indoor Built
Environ. 2006, 15, 425–444. [CrossRef]

7. GB/T 27630-2011; Guideline for Air Quality Assessment of Passenger Car. Standardization Administration of China: Beijing,
China, 2011.

8. WHO. Health and the Environment: Addressing the Health Impact of Air Pollution; World Health Organization: Geneva, Switzer-
land, 2015.

9. Lewis, A.C.; Jenkins, D.; Whitty, C.J.M. Indoor air pollution: Five ways to fight the hidden harms. Nature 2023, 614, 220–223.
[CrossRef]

10. WHO. WHO Guidelines for Indoor Air Quality: Selected Pollutants; World Health Organization: Geneva, Switzerland, 2010.
11. Wang, H.M.; Xiong, J.Y.; Wei, W.J. Measurement methods and impact factors for the key parameters of VOC/SVOC emissions

from materials in indoor and vehicular environments: A review. Environ. Int. 2022, 168, 107451. [CrossRef]
12. Yang, S.; Gao, K.; Yang, X.D. Volatile organic compounds (VOCs) formation due to interactions between ozone and skin-oiled

clothing: Measurements by extraction analysis-reaction method. Build. Environ. 2016, 103, 146–154. [CrossRef]
13. Weschler, C.J.; Carslaw, N. Indoor chemistry. Environ. Sci. Technol. 2018, 52, 2419–2428. [CrossRef]
14. Zhang, M.; Xiong, J.; Liu, Y.; Misztal, P.K.; Goldstein, A.H. Physical-chemical coupling model for characterizing the reaction of

ozone with squalene in realistic indoor environments. Environ. Sci. Technol. 2021, 55, 1690–1698. [CrossRef] [PubMed]
15. Wisthaler, A.; Weschler, C.J. Reactions of ozone with human skin lipids: Sources of carbonyls, dicarbonyls, and hydroxycarbonyls

in indoor air. Proc. Natl. Acad. Sci. USA 2010, 107, 6568–6575. [CrossRef] [PubMed]
16. Coleman, B.K.; Destaillats, H.; Hodgson, A.T.; Nazaroff, W.W. Ozone consumption and volatile byproduct formation from surface

reactions with aircraft cabin materials and clothing fabrics. Atmos. Environ. 2008, 42, 642–654. [CrossRef]

https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.3390/atmos13010102
https://doi.org/10.1021/es0618797
https://www.ncbi.nlm.nih.gov/pubmed/17438754
https://doi.org/10.1016/j.atmosenv.2011.02.065
https://doi.org/10.1021/es202025m
https://www.ncbi.nlm.nih.gov/pubmed/21928803
https://doi.org/10.1177/1420326X06069395
https://doi.org/10.1038/d41586-023-00287-8
https://doi.org/10.1016/j.envint.2022.107451
https://doi.org/10.1016/j.buildenv.2016.04.012
https://doi.org/10.1021/acs.est.7b06387
https://doi.org/10.1021/acs.est.0c06216
https://www.ncbi.nlm.nih.gov/pubmed/33464056
https://doi.org/10.1073/pnas.0904498106
https://www.ncbi.nlm.nih.gov/pubmed/19706436
https://doi.org/10.1016/j.atmosenv.2007.10.001


Atmosphere 2023, 14, 769 14 of 15

17. Pandrangi, L.S.; Morrison, G.C. Ozone interactions with human hair: Ozone uptake rates and product formation. Atmos. Environ.
2008, 42, 5079–5089. [CrossRef]

18. Rai, A.; Guo, B.; Lin, C.H.; Zhang, J.; Pei, J.; Chen, Q. Ozone reaction with clothing and its initiated VOC emissions in an
environmental chamber. Indoor Air 2014, 24, 49–58. [CrossRef]

19. Tamas, G.; Weschler, C.J.; Bako-Biro, Z.; Wyon, D.P.; Strøm-Tejsen, P. Factors affecting ozone removal rates in a simulated aircraft
cabin environment. Atmos. Environ. 2006, 40, 6122–6133. [CrossRef]

20. Weschler, C.J.; Wisthaler, A.; Cowlin, S.; Tamás, G.; Strøm-Tejsen, P.; Hodgson, A.T.; Destaillats, H.; Herrington, J.; Zhang, J.;
Nazaroff, W.W. Ozone-initiated chemistry in an occupied simulated aircraft cabin. Environ. Sci. Technol. 2007, 41, 6177–6184.
[CrossRef]

21. Lakey, P.S.; Wisthaler, A.; Berkemeier, T.; Mikoviny, T.; Pöschl, U.; Shiraiwa, M. Chemical kinetics of multiphase reactions between
ozone and human skin lipids: Implications for indoor air quality and health effects. Indoor Air 2017, 27, 816–828. [CrossRef]

22. Zhang, M.X.; Gao, Y.; Xiong, J.Y. Characterization of the off-body squalene ozonolysis on indoor surfaces. Chemosphere 2022,
291, 132772. [CrossRef]

23. Coffaro, B.; Weisel, C.B. Reactions and products of squalene and ozone: A review. Environ. Sci. Technol. 2022, 56, 7396–7411.
[CrossRef]

24. Atkinson, R.; Carter, W.P.L. Kinetics and mechanisms of the gas-phase reactions of ozone with organic compounds under
atmospheric conditions. Chem. Rev. 1984, 84, 437–470. [CrossRef]

25. Weschler, C.J.; Hodgson, A.T.; Wooley, J.D. Indoor chemistry-ozone, volatile organic-compounds, and carpets. Environ. Sci.
Technol. 1992, 26, 2371–2377. [CrossRef]

26. Wang, H.; Morrison, G.C. Ozone-surface reactions in five homes: Surface reaction probabilities, aldehyde yields, and trends.
Indoor Air 2010, 20, 224–234. [CrossRef] [PubMed]

27. Morrison, G.C.; Nazaroff, W.W. The rate of ozone uptake on carpets: Experimental studies. Environ. Sci. Technol. 2000,
34, 4963–4968. [CrossRef]

28. Nicolas, M.; Ramalho, O.; Maupetit, F. Experimental study of reactions between ozone and building products. In Proceedings of
the 7th International Conference of Healthy Buildings, Singapore, 7–11 December 2003; pp. 343–348.

29. Schripp, T.; Langer, S.; Salthammer, T. Interaction of ozone with wooden building products, treated wood samples and exotic
wood species. Atmos. Environ. 2012, 54, 365–372. [CrossRef]

30. Qin, D.C.; Guo, B.; Zhou, J.; Cheng, H.M.; Chen, X.K. Indoor air formaldehyde (HCHO) pollution of urban coach cabins. Sci. Rep.
2020, 10, 332. [CrossRef]

31. Xu, B.; Chen, X.K.; Xiong, J.Y. Air quality inside motor vehicles’ cabins: A review. Indoor Built Environ. 2018, 27, 452–465.
[CrossRef]

32. Yoshida, T.; Matsunaga, I. A case study on identification of airborne organic compounds and time courses of their concentrations
in the cabin of a new car for private use. Environ. Int. 2006, 32, 58–79. [CrossRef]

33. Geiss, O.; Tirendi, S.; Barrero-Moreno, J.; Kotzias, D. Investigation of volatile organic compounds and phthalates present in the
cabin air of used private cars. Environ. Int. 2009, 35, 1188–1195. [CrossRef]

34. Wang, H.M.; Zheng, J.H.; Yang, T.; He, Z.C.; Zhang, P.; Liu, Y.F.; Zhang, M.X.; Sun, L.H.; Yu, X.F.; Zhao, J.; et al. Predicting
the emission characteristics of VOCs in a simulated vehicle cabin environment based on small-scale chamber tests: Parameter
determination and validation. Environ. Int. 2020, 142, 105817. [CrossRef]

35. Chaudhry, S.K.; Elumalai, S.P. The Influence of School Bus Ventilation Scenarios over in-Cabin PM Number Concentration and
Air Exchange Rates. Atmos. Pollut. Res. 2020, 11, 1396–1407. [CrossRef]

36. Ott, W.; Klepeis, N.; Switzer, P. Air Change Rates of Motor Vehicles and in-Vehicle Pollutant Concentrations from Secondhand
Smoke. J. Expo. Sci. Environ. Epidemiol. 2007, 18, 312–325. [CrossRef] [PubMed]

37. Wang, H.M.; Guo, D.D.; Zhang, W.R.; Zhang, R.; Gao, Y.; Zhang, X.K.; Liu, W.; Wu, W.; Sun, L.H.; Yu, X.F.; et al. Observation,
prediction, and risk assessment of volatile organic compounds in a vehicle cabin environment. Cell Rep. Phys. Sci. 2023, 4, 101375.
[CrossRef]

38. Bailey, P.S. Ozonation in Organic Chemistry Olefinic Compounds; Academic Press, Inc.: New York, NY, USA, 1978; Volume 1,
pp. 285–298.

39. Criegee, R. Mechanisms of ozonolysis. Angew. Chem. Int. Ed. Engl. 1975, 14, 745–752. [CrossRef]
40. Atkinson, R. Gas-Phase Tropospheric Chemistry of Organic Compounds: A Review. Atmos. Environ. 1990, 24, 1–41. [CrossRef]
41. Carter, W.P.L. A Detailed Mechanism for the Gas-Phase Atmospheric Reactions of Organic Compounds. Atmos. Environ. 1990,

24, 481–518. [CrossRef]
42. Atkinson, R.; Aschmann, S.M. Hydroxyl Radical Production from the Gas-Phase Reactions of Ozone with a Series of Alkenes

under Atmospheric Conditions. Environ. Sci. Technol. 1993, 27, 1357–1363. [CrossRef]
43. Grosjean, E.; Williams, E.L.; Grosjean, D. Atmospheric Chemistry of Acrolein. Sci. Total Environ. 1994, 153, 195–202. [CrossRef]
44. Sun, C.; Zhang, S.; Yue, J.; Zhang, S. Theoretical Study on the Reaction Mechanism and Kinetics of Criegee Intermediate CH2OO

with Acrolein. J. Phys. Chem. A 2018, 122, 8729. [CrossRef]
45. Wang, Y.; Wang, H.; Tan, Y.; Liu, J.; Wang, K.; Ji, W.; Sun, L.; Yu, X.; Zhao, J.; Xu, B.; et al. Measurement of the Key Parameters of

VOC Emissions from Wooden Furniture, and the Impact of Temperature. Atmos. Environ. 2021, 259, 118510. [CrossRef]

https://doi.org/10.1016/j.atmosenv.2008.02.009
https://doi.org/10.1111/ina.12058
https://doi.org/10.1016/j.atmosenv.2006.05.034
https://doi.org/10.1021/es0708520
https://doi.org/10.1111/ina.12360
https://doi.org/10.1016/j.chemosphere.2021.132772
https://doi.org/10.1021/acs.est.1c07611
https://doi.org/10.1021/cr00063a002
https://doi.org/10.1021/es00036a006
https://doi.org/10.1111/j.1600-0668.2010.00648.x
https://www.ncbi.nlm.nih.gov/pubmed/20408899
https://doi.org/10.1021/es001361h
https://doi.org/10.1016/j.atmosenv.2012.02.064
https://doi.org/10.1038/s41598-019-57263-4
https://doi.org/10.1177/1420326X16679217
https://doi.org/10.1016/j.envint.2005.04.009
https://doi.org/10.1016/j.envint.2009.07.016
https://doi.org/10.1016/j.envint.2020.105817
https://doi.org/10.1016/j.apr.2020.05.021
https://doi.org/10.1038/sj.jes.7500601
https://www.ncbi.nlm.nih.gov/pubmed/17637707
https://doi.org/10.1016/j.xcrp.2023.101375
https://doi.org/10.1002/anie.197507451
https://doi.org/10.1016/0960-1686(90)90438-S
https://doi.org/10.1016/0960-1686(90)90005-8
https://doi.org/10.1021/es00044a010
https://doi.org/10.1016/0048-9697(94)90198-8
https://doi.org/10.1021/acs.jpca.8b06897
https://doi.org/10.1016/j.atmosenv.2021.118510


Atmosphere 2023, 14, 769 15 of 15

46. Xiong, J.; Yang, T.; Tan, J.; Li, L.; Ge, Y. Characterization of VOC Emission from Materials in Vehicular Environment at Varied
Temperatures: Correlation Development and Validation. PLoS ONE 2015, 10, e0140081. [CrossRef] [PubMed]

47. Gilbert, N.L.; Guay, M.; Gauvin, D.; Dietz, R.N.; Chan, C.C.; Lévesque, B. Air Change Rate and Concentration of Formaldehyde in
Residential Indoor Air. Atmos. Environ. 2008, 42, 2424–2428. [CrossRef]

48. Hult, E.L.; Willem, H.; Price, P.N.; Hotchi, T.; Russell, M.L.; Singer, B.C. Formaldehyde and Acetaldehyde Exposure Mitigation
in US Residences: In-Home Measurements of Ventilation Control and Source Control. Indoor Air 2014, 25, 523–535. [CrossRef]
[PubMed]

49. Arata, C.; Heine, N.; Wang, N.; Misztal, P.K.; Wargocki, P.; Beko, G.; Williams, J.; Nazaroff, W.W.; Wilson, K.R.; Goldstein, A.H.
Heterogeneous ozonolysis of squalene: Gas-phase products depend on water vapor concentration. Environ. Sci. Technol. 2019,
53, 14441–14448. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0140081
https://www.ncbi.nlm.nih.gov/pubmed/26452146
https://doi.org/10.1016/j.atmosenv.2007.12.017
https://doi.org/10.1111/ina.12160
https://www.ncbi.nlm.nih.gov/pubmed/25252109
https://doi.org/10.1021/acs.est.9b05957
https://www.ncbi.nlm.nih.gov/pubmed/31757120

	Introduction 
	Experiments and Methods 
	Tested Materials 
	Experimental System 
	Procedures of Experiments and VOC Analysis 

	Results and Discussion 
	VOC Compositions of Different Materials 
	Comparative Analysis of Concentration Changes for Some Typical Aldehydes and Ketones in Different Tested Materials 
	Comparative Analysis of Concentration Changes for Benzene Series in Different Tested Materials 
	Calculation of Gain Ratio for the Oxidized Products 

	Conclusions 
	References

