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Abstract To protect public health from indoor volatile organic
compounds (VOCs) exposure, it is critical to estimate the
emission rate and characteristic by indoor building materials.
To this end, four different types of lumbers (Pinus densiflora ,
Pinus koraiensis , Cryptomeria japonica , and Larix leptolepis)
and four different types of artificial building materials (particle-
board (PB), medium density fiberboard (MDF), plywood of
Radiata Pine (PRP), and plywood of Oceania Timber (POT))
were used. Total VOC (TVOC) from lumbers, excluding P.
koraiensis , showed the highest level of emissions on the first
day, and the level tended to decline with the passage of time. In
particular, TVOC from P. densiflora showed the highest level
at 10,793 μg/m2·h and only 40 % of TVOC reduced even after
14 days. On the other hand, TVOC from artificial building
materials showed lower levels of emissions in the order of
MDF>PRP>PB>POT. Furthermore, The TVOC emissions
from lumbers were approximately 1.3–47.6 times higher than
those of artificial building materials. However, the levels emit-
ted from P. densiflora and P. koraiensis stabilized afterwards,
and the natural VOC beneficial to the human body was con-
firmed to exceed 90 %, most of which comprised α-pinene, β-
pinene, d-limonene, camphene, and α-terpinene.
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Introduction

In general, volatile organic compounds (VOCs) have been
well-documented because of forming photochemical oxidants
with NOx in ambient air and causing adverse effects on
human health (Yu and Crump 1998). Many of the VOCs are
also toxic. In order to construct a building and to decorate its
interior, various artificial building materials such as particle-
board (PB) and medium density fiberboard (MDF) have been
used worldwide. However, VOCs and formaldehyde are emit-
ted from these materials because adhesives generate the toxic
chemicals (Roodman and Lenssen 2002). As a result, modern
people suffered from new types of disease like sick house
syndrome, sick building syndrome, and multichemical
sensitivity.

Recently, in order to solve these problems, ecological
architecture has been introduced to Europe and Asia
(Roodman and Lenssen 2002). It will be expected that VOCs
and formaldehyde not much emitted from those buildings, but
various natural VOCs (NVOCs) such as α-pinene and d -
limonene are emitted from lumber which does not have the
adhesives. When these compounds are emitted into indoor
areas, they play an important role in physiological relaxation
of human as a phytoncide (Lee et al. 2012). They reported that
statistically significant reductions in systolic blood pressure
were noted after inhalation of α-pinene and limonene, respec-
tively. Brain activitywas also significantly subdued. Furthermore,
in many previous studies, it was found that the monoterpene had
several functions such as antimicrobial, anti-inflammatory,
antipruritic, analgesic activity, comfortable feeling, and stress
reducing (Kordali et al. 2005; Park et al. 2010; Shaikh et al.
2010; Tsunetsugu et al. 2010; Yamaoka et al. 2005). Also,
Kusuhara et al. (2012) reported that mice kept in a
fragrant environment enriched with 0.035 ppm α-
pinene which often appears in forest resulted in reduc-
ing melanoma growth and tumor volume. This occurred
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under the α-pinene environment which was about 40 %
lower than that under control.

On the other hand, it was reported that the phytoncide
among VOCs affected green shower and antimicrobial
(Inous 2002; Li 2010; Li et al. 2011). Recently, Li (2010)
found that forest bathing trips resulted in increase in natural
killer (NK) activity, which was mediated by increasing the
number of NK cells and the levels of intracellular granulysin,
perforin, and granzymes A/B. Besides, Morita et al. (2007)
reported that habitual forest bathing may help to decrease the
risk of psychosocial stress-related diseases. Komori et al.
(1995) concluded that the citrus fragrance found in forests
affected human endocrine and immune systems, based on the
measurement of urinary cortisol and dopamine levels, NK
activity, and CD4/8 ratios.

These various results proved medically that the beneficial
effects on human immune function were provided by the
NVOCs such as terpenes (green shower). Therefore, the eco-
logical architecture would give diverse advantageous effects
on human health.

In fact, many studies regarding VOCs emitted from artifi-
cial building materials including MDF and PB have been
reported (Brown 1999; Guo et al. 2002; Yrieix et al. 2010).
However, no studies of VOCs emitted from ecological archi-
tecture materials such as various lumbers (especially for repre-
sentative trees in southeastern Asia such as Pinus densiflora
(PD), Pinus koraiensis (PK), Cryptomeria japonica (CJ) and
Larix leptolepis (LL) have been published. Furthermore, stud-
ies on NVOC characteristics emitted from building materials
have been hardly reported because most of the previous re-
searches were focused on only toxic VOCs such as benzene,
toluene, ethylbenzene, and xylene.

Accordingly, this study carried out to identify emission
concentrations and characteristics of the VOCs that are emit-
ted from building materials. We also focused on the NVOCs
that proved to be beneficial to human health. A result of this
research would be assisted to fields related to public health
and indoor air quality.

Experimental method

Material

In this work, VOC emission characteristics, their variations
with the passage of time, and constituent substances of lumber
and artificial building material made from major trees in East
Asia were compared and analyzed. The test objects included
lumber such as P. densiflora , P. koraiensis , C. japonica , and
L. leptolepis as well as artificial building materials including
PB, MDF, plywood of Radiata Pine (PRP), and plywood of
Oceania Timber (POT) (Table 1). The selected MDF and PB
are made from waste wood attached with an adhesive of 10 %

urea resin (based on weight), which meets the emission stan-
dards of E2 grade formaldehyde. In order to measure the
VOCs emitted from the same area size, the sample size was
uniform at 162 mm in width, 162 mm in length, and 15 mm in
height.

A 20 L small chamber of stainless steel material was used
in order to estimate the amounts of VOCs emitted from eight
of those building materials based on the ISO 16000-9 method
(2004). The chamber was placed inside a thermohygrostat to
maintain temperatures of 25±1 °C, and humidity levels of
50±5 % during the test. Moreover, the chamber was disman-
tled and cleaned by water and ethanol and then heated in an
oven at the temperature of over 260 °C for more than 15 min
in order to volatilize the remaining chemical substances before
the test. After the heat treatment, the chamber was cooled
down to 25 °C. The background concentration inside the
chamber was measured in order to check whether the condi-
tion of the chamber was clean, and whether the air flowing
into the chamber was polluted. Figure 1 is a schematic dia-
gram of the device showing that air from the outside is
purified by a cleaning device and then flows into each of the
four chambers. Moreover, the exposed sample area inside the
chamber was 140×140 mm and the material loading factor

Table 1 Characteristics of lumber and artificial flooring materials

Lumber

Trees Age Origin

Pinus densiflora 88 Pocheon, Gyeonggido

Pinus koraiensis 63 Pocheon, Gyeonggido

Larix leptolepis 85 Pocheon, Gyeonggido

Cryptomeria japonica 70 Seogwipo, Jejudo

Artificial flooring materials

Products Characteristic contents

Particleboard E2 Urea resin 10 %

Medium density fiber board E2 Urea resin 10 %

Plywood of Radiata Pine –

Plywood of Oceania Timber –

Fig. 1 Schematic for NVOC emission test
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(L ), which means the ratio of the total surface area of the
materials exposed to the volume of air in the chamber, was
1.96m2/m3. The air exchange rate (N) was set at 0.5 h−1 with a
flow of 167 mL/min. Samples were extracted for a total period
of 14 days, 1 day after the sample was installed, in order to
determine the declining tendencies of VOC emissions with the
passage of time.

VOCs analysis

The adsorption trap for sample collection, a Pyrex tube which
was used during the test, was manufactured by filling the tube
with Tenax TA 110 mg (60/80 mesh, SUPELCO, USA) and
CarbotrapTM 100 mg (20/40 mesh, SUPELCO, USA). During
the experimental period, air sample volumes of 3.2 L at a
sampling rate of 134 mL/min were collected at the outlet of
the chamber using this trap. The samples collected from the
chamber were stored in a refrigerator (at 4 °C) and were
analyzed within 48 h.

An automatic thermal desorption device on a cryogenic
system (Tekmar 6000, Tekmar-Dohrmann, USA), gas
chromatography/mass selective detector (GC/MSD; Agilent
6890, USA), and gas chromatography/flame ionization detec-
tor (GC/FID; HP 5890, Hewlett Packard, USA) were used in
order to carry out a qualitative and quantitative analysis on the
samples that were collected in the adsorption trap.

In case of quantitative analysis, the thermal desorption
process of the adsorption trap, which had extracted samples,
continued for 5 min at a temperature of 280 °C with a consis-
tent flow, which was cryogenically concentrated in the cryo
trap, of which the temperature dropped to −155 °C by using
liquid nitrogen. The concentrated samples were transported to
the cryo focus through a 220 °C transfer line and then finally
injected into the GC column. The column used was a Capil-
lary RTX-1 (60.0 m×530 μm×3.0 μm). The temperature
program comprising three rise sections was used for the
analysis. The temperature was initially maintained at 40 °C
for 5 min, and it was then increased to 100 °C at 5 °C/min to
be maintained for another 5 min in the first stage. In the
second stage, the temperature was increased to 150 °C at
2 °C/min, and it was again increased to 250 °C at 5 °C/min
in the final stage and maintained for 5 min. After performing
an analysis from this temperature program, FID was used for
quantification.

In order to carry out a precise quantitative analysis on
individual substance, seven artificial (n -hexane, benzene, tol-
uene, ethylbenzene, m ,p -xylene, styrene, and o -xylene) and
nine natural VOCs (α-pinene, camphene, β-pinene, β-
myrcene, Δ3-carene, α-terpinene, p -cymene, d -limonene,
and γ-terpinene) were measured with GC/FID. In particular,
the standard liquid substance produced by Aldrich (Milwau-
kee, MI, USA) was used to measure the monoterpene (Lim
et al. 2008), and standard gas (Spectra Gases Inc., USA) was

used to simultaneously conduct a quantitative assessment on
substances emitted from the lumber and artificial building
materials. Measurements were taken in five stages ranging
from 10 to 585 ng, and the calibration curves for 16 substances
were obtained (r2>0.996). Sensitivity (below the method
detection limit, 3 SD) for GC/FID analysis was 5.33 ng for
toluene (RSE=9 %). The recovery ratio of all the substances
that were analyzed was more than 90 % (RSD<6 %, n =6)
with a relatively exact degree of accuracy (±10 %) and
precision (±5 %).

The degree of measurement precision for each sample
that was continuously sampled with a certain time in-
terval was below an average of 20 %, which validates
the credibility of the sample extraction. Replicate anal-
ysis of samples and standards were regularly conducted
and duplicate samples were taken to confirm sampling
reproducibility.

On the other hand, total volatile organic compounds
(TVOC) concentrations were calculated from the total area,
which was obtained when the peak area, appearing for a
period of retention time from n -hexane (C6) to n -hexadecane
(C16) from the analyzed GC/FID chromatogram, was
substituted for the calibration curve of toluene.

The amount of VOC emission is shown as the emission
factor (EF; μg/m2·h). The EF is calculated by the following
equation:

EF ¼ C N=Lð Þ ð1Þ
where

C Chamber concentration (μg/m3)
N Q /V =air exchange rate (h-1)
L Material loading (m2/m3)

The emission factor for building materials generally fol-
lows a first-decay model over time assuming perfect mixing
and air exchange and negligible sink effects (Yu and Crump
1998). The emission profiles can be expressed as

EF ¼ EF0e
−kt ð2Þ

where

EF0 Initial emission factor (μg/m2·h)
k Emission factor decay constant (h-1)
t Time (h)

A thermal desorber and a GC/MSD system were also used
for qualitative analysis. A DB-1 capillary column (60.0 m×
320 μm×1.0 μm) was used for GC/MSD. GC/MSD oven
program was initially set at 40 °C for 5 min, and then in-
creased to 80 °C at 3 °C/min to be maintained for 20 min.
After then, the temperature was increased to 110 °C at 3 °C/
min which was held 7 min, then by 10 °C/min up to 250 °C
which was held for 5 min. In order to conduct a clearer
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qualitative analysis, a standard gas and solutions were injected
into GC/MSD and checked the retention time of 16 sub-
stances. Additionally, the cracking patterns of each standard
compound were compared by the Wiley 7.0 library program.

Results and discussion

Blank test

The air quality which flows in and out of the chamber is vital
to determine the emission characteristics of indoor building
material. Accordingly, a blank sample was installed to check

the TVOC concentrations and characteristics by using a solid
adsorption tube before installing a test sample. The test result
showed that the TVOC concentrations inside the four small
chambers were less than 20 μg/m3, which is the level recom-
mended by ISO 16000-9 (2004).

Variations of TVOC and NVOC with elapsed time

Figure 2 shows the EF changes of measured and the modeled
(first-decay model) TVOC on the tested materials with
elapsed time. The TVOC of lumbers on the first day showed
the highest emission and the emissions tended to decline over
the next 7 days. Particularly, the initial TVOC EF of PD was

(a) lumber

(b) artificial building materials

Fig. 2 Variations of TVOC from
lumber and artificial building
materials by elapsed time
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the highest at 10,793μg/m2 h−1 and was still high at 6,250 μg/
m2 h−1, even after 14 days. The emission factor decay con-
stants (k ) of TVOC from PD , PK , LL , and CJ calculated by a
first-decay model were 0.047, 0.035, 0.068, and 0.139 h−1,
respectively.

The TVOC EFs of artificial building material were lower
than that of lumbers and the EF of MDF on the first day was
the highest at 633 μg/m2·h followed by PRP (502 μg/m2·h),
PB (314 μg/m2·h), and POT (227 μg/m2·h). The k of TVOC
from MDF, PRP, PB, and POTwere 0.103, 0.078, 0.085, and
0.098 h−1, respectively. The TVOC EF of artificial building
materials excluding MDF was the highest 1 day after the

test started, and the figure gradually decreased with the
time passage. However, the TVOC EF of MDF drastically
dropped on the fifth day and briefly increased after
7 days, and then continually decreased afterwards.
Moreover, the EFs for MDF, PRP, PB, and POT were at
326, 312, 160, and 100 μg/m2 h−1, respectively, when the
TVOC was compared 7 days after the sample was
installed. The differences in TVOC EFs among most of
the building materials were significant (p <0.044). How-
ever, the differences in EFs between LL and CJ (p =
0.609) and between MDF and PRP (p =0.543) were not
significant.

(a) lumber

(b) artificial building materials

Fig. 3 Variations of NVOC from
lumber and artificial building
materials by elapsed time
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In a research conducted by Guo et al. (2002), the EF
of PB at 21 h after the sample was installed were the
highest at 154 μg/m2 h−1, and had a tendency to decline
afterwards, which shows considerable similarity in terms
of emissions despite variances in the time passage. In a
research on PB conducted by Brown (1999), the TVOC
value reduced by more than half of the initial figure
after 7 days; however, the value slowly decreased after-
wards, which confirmed the similar tendency of emis-
sions in this research. In a research carried out by
Tichenor (1987), acetone, hexanal, propanol, butanone,
benzene, and benzaldehyde are also reported to be pro-
duced from PB. In a research conducted by Van de Wal
et al. (1990), formaldehyde, terpenes, aromatic hydro-
carbons, and aliphatic hydrocarbons are reported to be
emitted from plywood and particleboard cupboards.

Furthermore, the substances including α-pinene and Δ3-
carene were found to be significantly lower in the heat-treated
materials than those in the air-dried when air-dried and heat-
treated materials were compared in the research conducted by
Manninen et al. (2002). Accordingly, the assumption can be
made that the differences of initial emissions from this research,
depending on the respective wood materials, could be attribut-
able to varied treatment processes. According to research car-
ried out by Lin et al. (2009), the VOC concentrations emitted
from flooring materials tended to increase when temperatures
and relative humidity increased, and they declined when air
change rates increased. Wiglusz et al. (2002) also reported that
a laminate flooring with particleboard as substrate increased the
VOCs emission by a factor of ∼18 when temperature rose from
29 to 50 °C. Therefore, the differences in the initial emissions
from building material in this research are primarily due to the
diverse treatment processes of the respective materials as well
as the characteristics of raw materials (e.g., molecular size,
boiling point, and polar charges). Other contributions to such
differences include environmental factors such as temperature,
humidity, and air flow rates.

The initial NVOC EF of PD with elapsed time was the
highest at 8,945 μg/m2 ·h followed by P. koraiensis
(4,032 μg/m2·h), L. leptolepis (513 μg/m2·h), C. japonica
(313 μg/m2·h), PRP (272 μg/m2·h), MDF (190 μg/m2·h),
PB (87 μg/m2·h), and POT (4 μg/m2·h) and the order of
NVOC EF from diverse building materials is different result
to the test for TVOC emissions.While EFs frommost materials
considerably declined up until 5–7 days and remained stable
afterwards (Fig. 3). Additionally, the k of NVOC from PD ,
PK , LL , CJ , PRP, MDF, PB and POT were 0.037, 0.027,
0.085, 0.118, 0.075, 0.136, 0.116, and 0.119 h−1, respectively.
The differences in NVOC EFs among most of the building
materials were significant (p <0.030). However, the difference
in EFs between CJ and PRP were not significant (p =0.826).

In the research of six panels conducted by Yrieix et al.
(2010), an analysis was conducted on VOC emission

concentrations for 28 days by using ISO 16000-9, the same
method utilized in this research. The test result showed that
with a TVOC of 258 μg/m3,α-pinene was 54.9μg/m3, andβ-
pinene was 58.5μg/m3, which are relatively lower values than
the outcomes from this research on artificial flooring mate-
rials. The causes for the differences are considered to be
attributable to variances in the tested subjects on TVOC as
well as the characteristics of raw materials. On the other hand,
the average emission reduction level exceeded 40 % after
28 days compared to that for the initial emission as the
emission test period increased, which is a similar result to this
research.

Constituent ratios of TVOC

The TVOC EF of PD was highest at 8,121 μg/m2 h−1 among
lumbers, and this value was twice as much as that of PK , and
over 10 times higher than that ofCJ and LL after 7 days. And,
we confirmed the NVOC ratios among the TVOC, because
the NVOCs have beneficial effects on human health.

Of the TVOC from lumber types, NVOC accounted for
more than 50 %, excluding CJ (30 %), and the percentage of

Fig. 4 Comparison of NVOC ratios among TVOC emitted from lumber

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

PB MDF PRP POT

NVOC OVOC

Fig. 5 Comparison of NVOC ratios among TVOC emitted from artificial
building materials
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NVOC for PD and PK exceeded 90 % (Fig. 4). The TVOC
emissions from CJ are exceedingly lower than those of other

types of lumbers, which is probably why the VOC emission
ratios were relatively low.

(a) PD (b) PK

(c) LL (d) CJ

(e) PB (f) MDF
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Generally, the grades of artificial building materials
such as PB and MDF are categorized based on the
emission standards of formaldehyde. The formaldehyde
emission grade of PB and MDF used in this research was
set at E2 grade (below 5.0 mg/L) based on the Korean
standard regulation. Consequently, the emissions of all of
the artificial building materials were particularly less than
those of lumber; the concentrations of PB and POT were
the lowest. On the other hand, of the TVOC, the NVOC
ratio of the artificial building materials excluding PRP
(60 %) was relatively low at below 30 %, and such result
could be attributable to the diverse chemical and physical
processes when processing wood products (Fig. 5).

Characteristics of NVOC constituent ratios with elapsed time

Figure 6 presents the constituent ratios of NVOC emitted
from lumber and artificial building materials with elapsed
time. The emission characteristics of NVOC, which com-
prise nine monoterpenes, showed different tendencies
depending on the types of trees. However, when different
lumbers were compared, the α-pinene ratio was the
highest among the NVOC substances. Particularly, the
α-pinene ratio (or EF) of PD exceeded 73.7 % (6,
595.4 μg/m2·h), the highest proportion, and D-limonene
(13.8 %, 1,231.2 μg/m2·h), β-pinene (7.7 %, 691.1 μg/
m2·h), and camphene (2.1 %, 185.8 μg/m2·h) were con-
firmed to be significant substances (Table 2). Moreover,
α-pinene ratio continually increased to 76.4 % with the
passage of time, while β-pinene slightly decreased by
about 6.9 %. On the other hand, α-pinene from PK
accounted for 80.8 % (3,258.0 μg/m2·h), the highest
portion, which is a similar result to the test for that from
PD , and other NVOC excluding qualitative NVOC from
this research was below 2.9 %, a minimal portion. In a
research conducted by Samuelsson et al. (2006), VOCs
were measured when pine bark and pine chip were dried
in an oven, and primarily α-pinene (45 %) and β-pinene
(12 %) were confirmed to be produced.

The major constituent substances of NVOC for LL were
discovered to be α-pinene (62.1 %, 318.1 μg/m2·h), β-pinene
(13.3 %, 68.3 μg/m2·h), d -limonene (10.1 %, 51.5 μg/m2·h),
p -cymene (4.0 %, 20.3 μg/m2·h), and camphene (3.5 %,
17.7 μg/m2·h); most NVOC reduced with the passage of time.
On the other hand, the EF level ofα-pinene (41.6 %, 130.2 μg/
m2·h) from CJ was markedly less than that of other species of
trees, while proportions of D-limonene and Δ3-carene were
18.6 % (58.1 μg/m2·h) and 21.5 % (67.3 μg/m2·h), re-
spectively, which represents relatively higher emission
ratios.

Constituent ratios of nine monoterpene types of artificial
building materials are also presented in Fig. 6. The α-pinene
ratio from the lumber was the highest among the NVOC

constituent substances, while the Δ3-carene ratio was the
highest from the PB (62.3 %, 54.5 μg/m2·h) and MDF
(50.4 %, 95.5 μg/m2·h) of artificial flooring materials. More-
over, α-pinene (42.9 %, 116.8 μg/m2·h), β-pinene (38.0 %,
103.6 μg/m2·h), and d -limonene (15.9 %, 43.3 μg/m2·h)
were confirmed as significant NVOC constituent substances
emitted from PRP. This was particularly evident in PB, which
is distinct from other products which largely released α-
pinene. The Δ3-carene accounted for the largest proportion
out of the constituent substances of PB, and α-pinene (7.9 %,
6.9 μg/m2·h) and β-pinene (24.2 %, 21.1 μg/m2·h) were
discovered to be key constituent substances. No changes were
found in the primary constituent substances of artificial build-
ing materials during a 14-day emission test, excluding POT.
Such disparities of constituent substance ratios are assumed to
be caused by the minimal NVOC amount discharged from
POT.

Conclusions

This study was conducted to discover the VOC emission
characteristics of wood products, including lumbers made
from major coniferous trees and artificial flooring materials,
as part of basic research to improve indoor air quality. The
TVOC emissions from P. densiflora and P. koraiensis were
discovered to be 8,121 and 4,301 μg/m2·h, respectively, on
the seventh test day, which exceeded the emission standard
regulated by the nation’s standard law (the Indoor Air Quality
Management Law for Multipurpose Facilities). However, the
NVOC beneficial to the human body was confirmed to exceed
90 %, most of which comprised α-pinene, β-pinene, d -limo-
nene, camphene, and α-terpinene. Therefore, to create healthy
indoor air quality, it is important to measure individual com-
pound concentration as well as TVOC concentrations. This
research results revealed that a greater amount of NVOC was
released when lumber was used as building materials,
creating a pleasant indoor environment. This is signifi-
cant since the interest in indoor air quality is increasing
and for many people natural and ecofriendly products
are more favorable than artificial products. Therefore, in
the future, the regulation of VOCs in indoor environ-
ment should be largely based on the research pertaining
to effects to the human body with consideration for
individual VOCs rather than focusing on quantitative
regulations. The results of this study will provide basic
information to improve indoor air quality and human
health.
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