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Abstract: This study investigated the pollution caused by unregulated chemical substances in Korean
residential environments. A TA tube was used for indoor air collection, and Gas Chromatography-—
Mass Spectrometry was used for the analysis of chemical substances. According to the results of
this study, 13 substances out of the 16 analyzed chemicals were detected and, among them, the
concentrations of phenol, a-pinene, and limonene within the indoor air were high. The average
concentration of phenol was 32.7 ug/m3. a-pinene and limonene were detected, of which the highest
concentrations were as 598.2 pg/m? and 652.5 ug/m3, respectively. The maximum concentrations of
these three substances exceeded the levels of the lowest concentration of interest. Notably, x-pinene
and limonene were released from the wood itself. Wood has been widely used indoors as a natural
building material and as furniture. Therefore, it was considered that this was the reason for the high
the concentrations of the two substances in indoor air. However, we do not argue that the usage of
wood should be reduced because of the results obtained in this study. Instead, we suggest that it is
important to reduce the emissions of x-pinene and limonene through the processing of the wood,
extending its drying period, and determining the most appropriate time of use.

Keywords: sick house syndrome; indoor air quality; volatile organic compounds; pollutants; chemical
substances

1. Introduction

In Korea, sick house syndrome has been a significant issue since the 1990s owing
to the chemical contamination of indoor air [1-3]. Modern-day people spend more than
90% of their time indoors, and indoor air quality can affect their health, comfort, and
intellectual productivity [4-6]. Volatile organic compounds (VOCs) such as formaldehyde,
benzene, and toluene are representative chemicals that contaminate indoor air [7-10].
Hazardous chemicals in the living environment are emitted from interior finishes, such
as wallpaper, flooring, and paint, and household items, such as televisions, sofas, and
closets [11-13]. In addition, indoor heating appliances and smoking by occupants can
further deteriorate the indoor air quality [14-16]. As the social interest in indoor pollutants
has increased, in 2003, the Ministry of Environment of Korea implemented the indoor air
quality management act for new apartment complexes and, in 2005, the guidelines for
indoor air quality for new apartment complexes were published [17,18]. Furthermore, the
presence of a mechanical ventilation system was mandated to ensure indoor ventilation. In
the case of formaldehyde, the Healthy Building Mark (HB Mark) is displayed according
to the amount of emission to empower consumers or construction workers to select low-
emission building materials [19]. In December 2010, the Ministry of Land, Infrastructure
and Transport in Korea (2010) announced, and has since enforced, construction standards
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for clean and healthy houses [20]. The aim of this policy was to solve sick house syndrome.
However, despite the establishment of guidelines for improving indoor air quality and
new revisions of construction standards, residents have recently complained about indoor
air quality. Residents are concerned about the contamination of indoor air by unregulated
chemicals as the use of alternative chemicals and new building materials increases [21,22].

Therefore, this study measured the concentrations of unregulated pollutant chemicals
in Korean houses to analyze new indoor pollutants that could cause sick house syndrome.

2. Method
2.1. Houses to Be Measured and Air Collection

Table 1 presents an overview of the houses to be measured. Table 2 lists the finishing
materials and singularities in the houses. In this study, eleven houses were measured: seven
apartment houses in Daegu, three houses for apartments in Busan, and one apartment in
Andong City. The targeted houses were evaluated for indoor air quality at the request of
the residents and construction companies. In Korea, for apartment houses with more than
100 households, it is required to make the results of the indoor air quality measurements
known, and the construction method incorporating the HB Mark is applied only to apart-
ment houses with more than 500 households. The A to G houses measured in Daegu are
houses that are not regulated by the Korean government for the improvement of indoor
air quality (non-regulated house: Non-RH). However, the four houses measured in both
Busan and Andong were built using a construction method that included the indoor air
quality improvement method proposed by the Korean government (regulated house: RH).
In accordance with the official experimental method promulgated by the South Korean
Ministry of Environment (2003), the indoor air quality for each house was measured [17].
Before collecting indoor air, all doors and windows contacted with the outside air were
opened. In addition, all internal doors and furniture doors were opened, and the house
was left to ventilate for 30 min. Thereafter, all the windows and doors connected to the
outside were closed, while the furniture doors and the lower kitchen sink cupboards were
left open. The house was left in this state for 5 h. During this 5 h period in which the house
was sealed, indoor air was sampled for 30 min under this condition. The air-sampling
pump used was a SIBATA (Japan) MP-X30H. The VOCs were sampled using a Tenax TA
tube. The indoor air sampling was performed at the center of the room, 1.2 m from the
floor. A travel blank (TB) was used to confirm the contamination of the sampler.

Table 1. The overview of the houses.

city Nome ond o powyan  Ventlaion SO
A 22.3
B 203 15 April 2019
C 39.0
(I\]IDO 6::_%111_1) D 32.6 Living room
E 36.0 13 May 2019
T o e
G 38.3
A 65.5 Room
I?lﬁ_al;l B 59.4 Living room 8 August 2018
C 82.5 Room
Andong (RH) D 105.6 Living room 15 May 2018
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Table 2. Finishing materials and singularities in the house.

Sample

Materials

City

Resident Remarks

Name Wall Floor Ceiling

Daegu

Wallpaper PVC Before the occupant
(PVC) sheet moves in

Furniture, sinks, and
dining tables are laid out
(synthetic wood products)

The finishing material

> | Qmm|g|n|w

Pusan B

Wallpaper Wooden
C (silk) flooring

Andong D

of the ceiling is a same

as the wallpaper 2 residents Wooden bookshelf,

artificial leather sofa

Wooden dining table,

2 resident e
residents artificial leather sofa

Wooden dining table,
artificial leather sofa

Wooden desk and
1 resident bookshelf, wooden dining
table, artificial leather sofa

3 residents

2.2. Measured Substances

Saito reported on the frequency and concentrations of unregulated chemicals in houses,
and mentioned that some chemicals are associated with sick house syndrome [21,22].
Therefore, in this study, we decided to select and measure chemicals with high detection
frequencies and high concentrations that were mentioned in previous studies. In this
study, 16 chemicals were analyzed. A Tenax TA tube containing an adsorbent was used to
collect the air in the room. The chemical analysis system consists of an Automatic Thermal
Desorption (ATD) mechanism that heats the TA tube, and a Gas Chromatography—Mass
Spectrometer (GC/MS) for the qualitative and quantitative analysis of chemicals. The ATD
device desorbs the chemicals collected in the TA tube, and the desorbed chemicals are
injected into the column. Depending on the temperature of the GC oven and the kinds of
column, each chemical is separated, enabling the qualitative analysis of the chemical.

The temperature range of the GC oven is from 35 to 250 °C. The temperature change
of the GC oven is increased by 15 °C per minute from 35 °C to 95 °C; by 2.5 °C per minute
from 95 °C to 105 °C; and by 5 °C per minute from 105 °C to 250 °C. The column selectively
delays each chemical and separates it according to the difference in arrival time to the
detector. The column used in this study was HP-VOC 60 m x 0.32 mm, df = 1.8 um. The
change in the GC oven temperature served to separate the mixed chemicals inside the
column. The detection limit was <5 ng. Table 3 shows the conditions of the GC/MS analysis.

Table 3. The conditions of GC/MS.

Automatic Thermal Desorption PerkinElner Turbo Matrix ATD

Desorption temp. (Time) 260 °C (10 min)

Second desorption temp.

(Time) 5°C — 280 °C (45 min)

Gas Chromatography—-Mass Spectrometry Agilent GC/MS 6890N/5973inert
Chromatographic column HP-VOC 60 m x 0.32 mm, df = 1.8 pm

GC oven temp.

35°C (2 min) — 15 °C/min — 95 °C — 2.5 °C/min—105 °C — 5 °C/min —
250 °C (5 min)

Split ratio 7:1
MS analysis mode SCAN
MS range

Ion source temp.

m/z 35 (low) — 550 (high)
250 °C
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3. Results
3.1. Concentration of Unregulated Chemicals

Figure 1 show the concentrations of chemical substances measured in the air. In this
study, the concentration range of acetone in the air was 31.0-83.4 ug/ m? and the aver-
age value was 58.8 ng/m>. The average concentration of 2-butanone was 279.4 ug/m?
and the highest concentration was 402.5 pg/m3, which was found in House B in Daegu.
The concentration of 2-ethyl-1-hexanol was in the range of 15.3-163.5 ug/m? and the
results demonstrated that the concentration of this material differed significantly depend-
ing on the housing. The average concentration of 2-ethyl-1-hexanol was 128.8 pg/m?3.
The concentrations of Texanol and TXIB within the indoor air were 1.1-1.8 nug/ m3 and
<1.0 ug/m3, respectively, which were low. The concentration of 2-(2-butoxyethoxy) ethanol
was in the range of 2.0-6.1 pg/m? and its average concentration was 3.9 pg/m3. The aver-
age concentration of phenol was 32.7 pug/m3 and it ranged from 7.9 to 50.2 pg/m3, showing
differences in concentration depending on the housing. The concentration of x-pinene in
terpenes was in the range of 16.4-598.2 jig/m? and the D house in Daegu had the highest
concentration. The average concentration of a-pinene was 317.2 ug/m>. The average
concentration of limonene was 414.1 pg/m? and the range was 120.4-652.5 pg/m?. The
concentration of camphene among terpenes was in the range of 1.1-4.2 ng/m? and its aver-
age concentration was 2.5 ug/m?3. Notably, the concentration of 3-caren was found to be at a
very low concentration of <1.0 ptg/m?3. The concentration of dichloromethane was detected
in the range of 8.7-67.2 pig/m3 and its average concentration was 3.1 pg/m?. The results
showed that the concentration of methylcyclohexane was in the range of 8.78-67.2 ug/m?
and its average concentration was 45.9 pg/m?®. The concentration of tridecane was in
the range of 1.2-6.1 pg/m3 and its average concentration was 4.2 ug/m?>. Lastly, the con-
centration of 1,2,4-trimethylbenzene was in the range of 1.4-4.6 pg/m? and its average
concentration was 2.9 pg/m?. The concentration of p-cymene was <1.0 pg/m?3.

3.2. Indoor Air Quality Evaluation

Table 4 presents a comparison between the measurement results and the lowest con-
centration of interest (LCI). The LCIs within indoor air were determined in a European
theoretical R&D cooperation [23]. The LCI value is defined as the minimum concentra-
tion that irritates organs such as the skin and eyes in humans. Because the unregulated
chemical substances measured in this study do not have guidelines for indoor air quality,
the measurement results of this study were compared with the LCI values. Among the 16
chemicals measured in this study, the substances exceeding the LCI value were phenol,
a-pinene, and limonene. The average concentration of phenol was 1.637 times its LCI, and
the maximum concentration of phenol was measured to be 2.510 times higher than its LCI.
The maximum concentration of a-pinene and limonene were 2.39 and 2.18 times higher
than their LCls, respectively. The average concentration of x-pinene and limonene were
1.269 and 1.380 times higher than their LClIs, respectively. In contrast, the maximum con-
centrations of other chemicals were assessed to be 0.01-0.4 times lower than their LCls. The
maximum concentration of Texanol, TXIB, 3-caren, di-chloromethane, methylcyclohexane,
tridecane, and p-cymene were found to be 0.008 times their LCI concentrations.
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Figure 1. The concentrations of chemical substances measured in the air.
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Table 4. Comparison between measurement results and LCI (lowest concentration of interest).

Chemicals Average (ug/m3) Max (ug/m®) *  LCI (ug/m3) ** Reference Average/LCI  Max/LCI
Acetone 58.8 834 400 0.147 0.208
Danish EPA
2-But 279.4 402.5 1000 ’ 0.279 0.403
utanone 2003 [24]
2-Ethyl-1-hexanol 128.8 163.5 1000 0.129 0.164
Hensen et al.,
Texanol 1.5 1.8 1000 2001 [25] 0.001 0.002
TXIB - - 450 AgBB, 2015 [26] - -
2-(2- 45 6.1 120 0.038 0.051
Butoxyethoxy)ethanol ’ ' Hensen et al., : :
2001 [25]
Phenol 32.7 50.2 20 1.637 2.510
. Danish EPA,
a-pinene 317.2 598.2 250 2003 [24] 1.269 2.393
Hensen et al.,
3-Caren - - 250 2001 [25] - -
Limonene 414.1 652.5 300 1.380 2.175
Camphene 2.5 4.2 250 0.010 0.017
Dichloromethane 3.1 45 1220 Danish EPA, 0.003 0.004
2003 [24]
Methylcyclohexane 45.9 67.2 8000 0.006 0.008
Tridecane 4.2 6.1 2000 0.002 0.003
1,24 29 4.6 500 0.006 0.009
Trimethylbenzene ’ ’ Hensen et al., : :
2001 [25]
p-cymene - - 550 - -

*: Maximum concentration in this study, **: lowest concentration of interest.

4. Discussion

According to the results of this study, 13 of the 16 chemicals analyzed were detected.
The chemicals that exceeded their LCI levels were phenol, x-pinene, and limonene.

Phenol is widely used in many industries for various purposes. Phenol is a commonly
used disinfectant and has been proven to be an effective antibacterial, antifungal, and
antiviral substance. In addition, it is also used in the wood industry as a preservative to
protect the wood from infestations of microorganisms such as bacteria and mold [27,28].
Phenol is produced during the thermal decomposition of organic substances. Thus, it is
a constituent of motor vehicle exhaust gases, wood smoke, cigarette smoke, and smoked
foods. In the general human, approximately two-thirds of phenol intake may be from air
exposure [29].

According to the results of this study, phenol concentration in the air was high in the
houses measured in the Daegu area. What is important to note is that within the houses in
Daegu, the sinks, tables, and furniture were made of synthetic wood. Although formalin
was widely used as an antimicrobial agent in wood building finishes and wooden furniture,
its use declined after formaldehyde was included in air quality guidelines. Therefore, it
is considered that phenol is likely to be used as a substitute for formalin. In the houses
measured in the Daegu area, it was not considered that phenol was generated from the
activities of daily life, such as cooking, because the residents have not yet moved in.

It is well known that x-pinene and limonene are substances that are emitted from
wood [30]. In this study, a-pinene and limonene were detected at high concentrations.
These two chemicals belong to the class of terpenes and have been reported to cause eye
irritation and respiratory problems [31,32]. For «-pinene, 4 out of 11 houses exceeded the
LCI values and for limonene, 5 out of 11 houses exceeded the LCI values. In particular, the
concentrations of «-pinene and limonene were found to be high in houses using synthetic
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wood furniture. However, the concentrations from houses with wooden furniture and
wooden flooring did not exceed the LCI levels. The most probable reason for this is that
the houses in Busan and Andong that had wooden furniture have been around for more
than two years from the date of construction, and the furniture was also purchased more
than two years ago. However, about a year has passed since the construction of the houses
in the Daegu area and the residents have not moved in.

Approximately 20 years have passed since the Korean government promulgated the
indoor air quality guidelines to improve indoor air quality. Recently, the concentration
of VOCs, such as formaldehyde, toluene, styrene, and benzene, within the air in the
general residential environment was found to be remarkably low. However, as the use of
alternative chemicals and vinyl chloride-based interior finishing materials has increased,
indoor contamination of unregulated chemicals has become a concern.

In particular, phthalate is a representative contaminant of plastics, as they are the
plasticizers used in plastic products [33,34]. The plasticizer emitted from the interior
finishing material attaches to household dust and interior surfaces, and it is reportedly
related to atopic dermatitis and asthma in children [35-37].

Therefore, in recent years, there has been a trend in the use of synthetic wood and
wood as interior finishing materials to reduce the amount of plastic products used indoors.
The same is also true for furniture. This study showed that the «-pinene and limonene
emitted from wood were measured at high concentrations indoors. In spite of this, the
amount of wood used indoors has been increased in the construction market.

This does not suggest that we should reduce the amount of wood used indoors;
instead, we propose using wood more safely indoors. As shown in this study, even if the
floor finishing material is wood and the furniture is made of wood, the air concentrations
of a-pinene and limonene are sometimes measured as low. This result is thought to be
related to the construction period and the period of use of the furniture. If the processing
and drying period of wood are adjusted, the amount of terpenes emitted from the wood
can be reduced [38] and, even if the amount of wood used indoors increases, the air quality
will not be greatly affected.

5. Conclusions

This study evaluated the contamination of unregulated chemicals in Korean houses.
Of the 16 analyzed chemicals, 13 unregulated chemicals were detected. Among them, the
average concentrations of phenol (32.7 ug/m?), a-pinene (317.2 pg/m?), and limonene
(414.1 ug/m?3) were higher than their LCI concentrations, and the maximum concentrations
of chemicals were found to be more than twice their LCI levels. According to this study,
these chemicals should be noted as new pollutants present in the air within a house.
However, althopgh «-pinene and limonene are emitted from wood, there is no need to limit
the use of wood indoors. Instead, this study spggests reducing the amount of chemical
substances emitted from wood through the processing method and drying period of the
wood, which would be the ways to use wood more safely indoors.
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