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Synopsis: This study was performed to investigate the concentrations of ethylbenzene, styrene,

toluene, and total xylenes in indoor air and their changes in three newly built houses. Air was
trapped with TENAX tubes and analyzed quantitatively by GC/FID using the absolute calibration
method. In these houses, the concentrations of target compounds were below the guidelines of
the Ministry of Health, Labor, and Welfare. The differences among the houses were influenced
by the patterns, but not by the types of compounds. In this study, a mechanical ventilation

system reduced concentrations of volatile organic compounds in indoor air by 10% to 40%.
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Introduction

To save energy, buildings in Japan are constructed to be highly
airtight and adiathermic. Therefore, it is difficult for formaldehyde
or volatile organic compounds (VOCs) emitted from building
materials or furniture to diffuse out of the buildings. This can result
in sick building syndrome caused by chemical pollution of indoor
air, which has become a serious social problem in Japan.

As a measure to prevent sick building syndrome, the Ministry
of Health, Labor, and Welfare (MHLW) of Japan has prepared
guidelines for the concentrations of 13 compounds in indoor air.
However, these are only guidelines” and have no legal backing. On
the other hand, the Building Standard Law was revised and enforced
by the Ministry of Land, Infrastructure, and Transport (MLIT) on
July 1, 2003. This law forbids the utilization of building materials
with added chlorpyrifos in buildings with rooms that are likely to
be used continuously? .

Moreover, this law places limitations on the amounts of materials
belonging to each emission rate of formaldehyde that can be used
based on the ventilation frequency of buildings. All buildings must
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have mechanical ventilation systems that can disperse the volatile
compounds emitted from furniture, efc? .

The concentrations of these two compounds in indoor air will
be reduced, so that they have legal backing to be utilized them for
building.

According to the survey conducted by the MLIT since 2000,
actually, the concentration of formaldehyde decreased year after
year, and there were less than 1% of houses whose concentrations
of these compounds were higher than the guidelines in the 2004’s
survey?.

Many surveys of chemical compounds as indoor air pollutants
have been performed with the objective of indoor air quality
assessment® ¥ © 7 but there have been few surveys of the
compounds except formaldehyde.

Few researches has been reported to investigate the actual indoor
air pollutants or such changes in concentrations of formaldehyde or
VOCs with the mechanical ventilation system ON, such investigation
is required as the basic data of chemical pollutant in indoor air.

Therefore, this study was performed to evaluate the chemical
contamination of indoor air and the change of concentration of VOCs
under the mechanical ventilation system ON in newly built houses
that comply with the amended Building Standard Law.



1  Methods
1.1 Houses Measured

The measurement was performed in three houses that were able
to be measured before moving in. From September 2002 to March
2003, we performed measurements in one newly built house in each
of Tokyo, Miyagi, and Tochigi, as shown in Table 1. The houses
were all highly airtight and highly adiathermic and were compliant
with the Building Standard Law enforced in 2003 after completion
of construction and before people had moved in.

1.2 Target compounds

Six types of target compound were examined: four VOCs —i.e.
ethylbenzene, styrene, toluene and total xylenes, and two carbonyl
compounds —i.e. formaldehyde and acetaldehyde. They were selected
in the compounds which had the guidelines of concentrations by
MHLW.

Total xylenes were determined from the total concentrations of
o-xylene and m,p-xylene. The indoor air concentration guidelines of
these compounds were defined by the Ministry of Health, Labor,
and Welfare as 880 ppb, 50 ppb, 70 ppb, 200 ppb, 80 ppb, and 30
ppb, respectively” .

1.3  Air Sampling

Sampling tubes were conditioned by heat purge at 200°C for
half an hour to remove contamination, and then cooled to room
temperature. After purging, tubes were sealed by caps made of
brass and Teflon until sampling. Toluene, ethylbenzene, styrene,
and total xylenes were trapped in a wooden-floored room on the
2nd floor at a rate of 100 m//min for 10 min as determined using an
automatic sampler attached to a 12-channel pump with a flux meter,
using a trap tube after fixed time intervals of 0.5 h in house A, and
1.0 h in both houses B and C. These compounds in outdoor air were
trapped twice with the 1-channel pump with a flux meter in the
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same way and the data were averaged. The trap tubes are glass tubes
160 mm in length and 6 mm in external diameter with an internal
tube 3 mm in diameter filled with 0.15 g of TENAX TA.

Carbonyl compounds were trapped at a rate of 1000 m//min for
30 minutes with a DNPH cartridge (SUPELCO) twice in the same
room and outside.

1.4  Air sampling protocol

JFig. 1 shows the protocol used for air sampling. Briefly, air was
sampled in accordance with “the sampling and analysis method of
chemical compounds in indoor air” proposed by the MHLW of
Japan®. For ventilation, we first opened all the doors and windows
that faced the outside. All the doors inside the houses, including
those of storage spaces, were also opened to allow the compounds
in the indoor air to reach uniform concentrations throughout the
house. The measurement instruments were set in the room on the
second floor and the automatic sampler was started. After more
than 30 minutes of ventilation, all the doors and windows facing the
outside were shut and we left the house. The automatic sampler
obtained indoor air samples at regular intervals of 0.5 h in house A
and 1.0 h in both houses B and C under the operation of a mechanical
ventilation system. The time that the doors and windows faced the
outside were shut, was defined as 0 h, and the point of starting
previous ventilation was -0.5 h. .

The sampling tubes and cartridges were sealed with caps, and
were analyzed within 24 hours.

The temperature and the relative humidity of the room and the
outside were measured with the portable thermohygrometer
(thermorecorder, T&D) at every 10 minutes throughout the
measurements.

Table 1 Features of the sampling sites

House C [Tochigi 703120103 fine

Total=105.9 1F=52.9 2F=52.9{FY-Z40DB2K, Matsushita /65

orin the houses

Open the doors and windows facing outside
Shut the doors and windows facing outside
Sample (formaldehyde, acetaldehyd

Sample at regular intervals (VOC)

05 00

Time (h)

Fig. 1 Air Sampling Protocol
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1.5 Analysis

Tables 2 and 3 show the operating conditions of the Gas
Chromatograph with Flame Ionization Detector (GC/FID) and High
Performance Liquid Chromatograph (HPLC), respectively. Analysis
was begun less than 24 hours after sampling.

The samples were analyzed with standard gas NMOG, 1 ppm,
Taiyo Toyo Sanso) which was diluted to 5 ppb or standard solution
(13 components, 30 pg/ml, SUPELCO) which was diluted to 0.3
mg/l.

The qualitative analysis was performed by referring to the
retention time of each peak of the standard toluene, formaldehyde
and acetaldehyde were analyzed quantitatively with each compound
of the standard, and ethylbenzene, total-xylenes and styrene were
analyzed likewise with o-xylene of standard gas by the absolute
calibration method.

The repeatability test using standard gas containing ethylbenzene
(5.0 ppb), toluene (5.8 ppb) and o-xylene (5.0 ppb) was carried out.
The detection limits of them were 2.2 ppb, 1.7 ppb and 2.6 ppb,

and the quantitaion limits were 7.2 ppb, 5.5 ppb and 8.7 ppb, °

respectively. Moreover, the limit value of detection and quantitation
of two carbonyl compounds were 0.04 mg// and 0.13 mg//,
respectively.

The carbonyl compounds except formaldehyde and
acetaldehyde, which was able to be analyzed quantitatively with
standard liquid, and the sorts of them were noted in chromatograms.

2 Results and Discussion
2.1 Concentrations of target compounds

Figs. 2, 3, and 4 show GC/FID chromatograms obtained at 5.0
hinhouse A, at 8.5 h in house B, and at 9.5 h in house C, respectively.
Figs. 5, 6, and 7 show HPLC chromatograms in house A, in house
B, and in house C, respectively. The target compounds were
detected in each chromatogram such as in Figs.

The target compounds were detected in each chromatogram in
Figs. Three carbonyl compounds other than formaldehyde and
acetaldehyde were detected: i.e., acetone in all houses, 2-butanone
in houses A and C, and valeraldehyde and hexanale in house C.

Table 4 shows the guidelines and measurement results of target
compounds in outdoor and indoor air.

The measurement data of VOCs were divided into the rising
part and the steady-state part, and the average concentrations in
the steady-state were calculated. The concentrations in indoor air
are the average data in Table 4.

In outdoor air of house A, toluene, formaldehyde and
acetaldehyde concentrations were higher than about 5 ppb. With
the exception of these data, the outdoor-concentrations of these
compounds were very low or not detectable in the test houses.

The concentrations of all target compounds in all test houses
were higher than those outdoors. Therefore, it was assumed that
these compounds were emitted inside the houses.

Table 2 Operating conditions in GC/FID analysis

P-1, Intemal Diameter: 0.32 mm,
ength: 50 mm, Thickness 1.0 ym

0°C, 3 min—30 °C/min—20°C
40 °C/min—170°C, 5min

|lIntemal Diameter: 4.6 mm, Length: 150 mm

5% Acetonitrile/ Water Solution (8 ml/sec)

Injection Volume 0 u/




The concentrations of target compounds in indoor air were not
greater than the guidelines recommended by the MHLW in any of
the houses in the present study. In houses A and C, toluene,
acetaldehyde and formaldehyde showed higher concentrations
among the 6 target compounds examined. The concentrations of
toluene in house A and acetaldehyde in house C were the highest,
both of which were detected at concentrations of about nearly 30
ppb. The guideline of acetaldehyde is 30 ppb, therefore the
concentration in house C was high level.

According to the survey conducted by the MLIT since 2000,
the concentration of formaldehyde and toluene decreased actually,
but the concentration of acetaldehyde were constant every year .
Although there were less than 1% of houses whose concentrations
of formaldehyde and toluene were higher than the guidelines, there
were 10% of houses whose concentrations of acetaldehyde were
higher than the guidelines in the 2004’s survey®.

It is necessary to consider the regulation utilizing the building
materials added acetaldehyde as well as formaldehyde.
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In house B, most of target compounds showed the lower
concentrations than those in the other houses, especially
formaldehyde and acetaldehydes showed the low concentration about
3 ppb. However ethylbenzene and total-xylenes showed higher
concentrations than the others, especially the former showed
approximately 10 ppb which is more than two times as the others.

In previous surveys of indoor air quality, formaldehyde and
toluene were detected at high concentrations in many cases? * ¢ 7
. In the present study, houses A and C showed similar tendencies in
terms of indoor air quality. On the other hand, the concentrations of
these compounds in house B were low, which was specific to this
house.

There are many reports that toluene in indoor air was detected,
and the source was assumed that the compound is emitted from the
building materials such as diluents of paint or fixing materials®.

Although the interior finishing materials in house B were
unpainted wooden building materials, the walls and ceiling in houses
A and C were covered with vinyl wallpaper. Therefore, it was
assumed that the concentration of toluene, which is emitted from
fixing materials, such as adhesives, was very low in house B.

Table 4 Concentrations in outdoor air and in indeor air, and their guidelines

{ppb)

ethylbenzene

styrene 80
toluene 70
total xylenes 200
formaldehyde 80
acetaldehyde 30

. 80 29 .38

258 58 164
L T707108. - 89
163 27 150
123 24 279

*Shaded Region: the data of ethylbenzene, styrene, toluene and total-xylenes were averaged concentrations in the Steady-State
*The values which were lower than the limits of detection and quantitation were mentioned as references. *nd: lower than 1.0 ppb

Table 5 Ambient temperature and relative humidity in houses A, B, and C

A Indoor

223

Cutdoor 186

B Indoor 33
Outdoor 0.0

C Indoor 10.1
Qutdoor 55

Average  SD. ..
026] 609 093
0.15 724 352
0.56 688 3.00
1.07 924 960
159 553  6.84
313 69.3 14.39
*" RH: Relative Humidity

*“SD: standard deviation
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The ambient temperatures and relative humidity in houses A, B,
and C are shown in Table 5.

On sampling A, the standard deviations of indoor and outdoor
temperatures were very low (0.26 and 0.15, respectively). The
deviation of relative humidity showed a similar pattern (0.93 and
3.52, respectively). The measurements in house A were finished
within half a day, and therefore the environmental conditions were
steady.

However, sampling C showed larger temperature deviations as
sampling was performed from night to morning in spring at a time
when temperature varied greatly.

In house B, measurements were performed through the night in
winter, and thus the ambient temperatures were extremely low,
with average values of 3.3°C indoors and 0.0°C outdoors. It was
snowing during measurement B, and thus the relative outdoor
- humidity was very high.

I t has been reported that increases in temperature result in
elevated concentrations of volatile compounds® . As all
measurements in the present study were carried out in cool regions
of Japan from autumn to winter, the ambient temperatures were
relatively low.

Therefore, the concentrations of target compounds would be
higher than those reported this time if the ambient temperature is
comparatively high like in summer when the buildings are finished.

2.2 Changes in target compound concentrations

Fig. 8 shows the changes in the concentrations of 4 types of
target VOCs in house A. All target VOCs showed the lowest
concentrations during ventilation at -0.5 h. After the doors and the
windows were shut, their concentrations increased gradually and
reached a steady state from 1.0 h to 1.5 h. All of the last data at 5.0
h were slightly higher than the earlier values.

The concentration of toluene changed in higher level than the
other VOCs in house A, and it rose to 1.5 h and reached a steady
state at about 25 ppb. Styrene and total xylenes levels showed
similar changes. They reached a steady state as about 9 ppb at 1.0 h.
The concentration of ethylbenzene increased to about 5 ppb at 1.0
h.

Fig. 9 shows the changes in the concentrations of the target
VOCs in house B. All target VOCs showed the lowest concentrations
at 0.5 h, and rose by 4.5 h or 5.5 h. Target compounds showed
higher concentrations at -0.5 h, thus it is assumed that the levels of
concentrations were high before measurement with some causes.

The concentrations of total xylenes and ethylbenzene reached a
steady state about 10 ppb at 4.5 h. Styrene showed the increasing
concentrations till 5.5 h, and showed the concentration about 3 ppb
of a steady state. Toluene showed specific changes after 5.5 h,
falling to about 5 ppb from 8 ppb, and then rising to about 6 ppb at

mVv
g
2004
2
100+ % g @
e > 2
@ X g
= 2 95
04—\ A A°.-- A - AN A
15 20 25
Fig. 2 GC/FID chromatogram of indoor air in house A at 5.0 h
mv
g
504 g
[
g =
3 - >
s @ X
a2 2
g @ o
I\ hE A
o A JLNA
14 16 18 20
Fig. 3 GC/FID chromatogram of indoor air in house B at 8.5 h
mv
2
3
k=]
2004
-4
1004 2 s
g =
[~ [}
2 2128
k £ E18%
B S
Y 20 22

14

16 18

Fig. 4 GC/FID chromatogram of indoor air in house C at 9.5 h



9.5 h. However, the concentrations of the other compounds changed
little from 4.5 t0 9.5 h.

Fig. 10 shows the changes in the concentrations of the target
VOCs in house C. All target VOCs showed the lowest concentrations
during ventilation at —0.5 h. After the doors and the windows were
shut, the concentrations of target compounds rose gradually until
3.5h.

Toluene level continued to increase steadily and reached around
19 ppb at 8.5 h. While the concentrations of ethylbenzene and
styrene were stable from 3.5 h to 8.5 h, total xylenes level fell to
about 5 ppb from 10 ppb, from 3.5 h to 5.5 h and remained at this
concentration.

The doors and windows faced outside were not opened during
measurement, thus it is assumed that the causes of the decreasing of
toluene in house B and total-xylenes in house C after increasing
concentrations were method of measurement such as the conditions
of sampling tubes. It’s necessary to make the causes clear at the next
stage.

The concentrations of all target VOCs rose and reached a steady
state in all houses from 1.0 h to 5.5 h. Thus, the patterns of changes
were similar in all houses and were dissimilar between types of
compound.

Conclusion

This study was performed to investigate the concentrations of
target compounds, i.e. ethylbenzene, styrene, toluene, total xylenes,
formaldehyde. acetaldehyde and four Volatile Organic Compounds
(VOCs), under the mechanical ventilation system ON in three newly
built houses. The knowledge from this study are as follows.

The concentrations of target compounds in indoor air did not
exceed the guidelines recommended by the Ministry of Health, Labor,
and Welfare in any of the houses, therefore the regulations can be
said to be effective.

The concentration of acetaldehyde almost reached the guidelines,
so that it is necessary to consider the regulation utilizing the building
materials added it.

And the patterns of changes were similar in all houses and were
dissimilar between types of compound.

It is important to care about future trend of the regulation.
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