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This study presents methods for the capture and analysis of natural volatile organic compounds (NVOCs)
released in the atmosphere of a natural environment. Twenty reference materials were used to draw cali-
bration curves with the headspace solid-phase microextraction (HS-SPME) method. By calculating the
calibration curves, obtaining the quantifications of each component, and determining the area ratio of mass
numbers by diluting the reference materials of each substance, the coefficients of determination are shown
to be a minimum of 0.997, e.g., @ —Pinene (R* = 0.997) and 8-Pinene (R* = 0.998), and a high reproducibil-
ity is indicated. Detection and quantification limits are below 0.07 and 0.24 ng, respectively, for all materi-
als. To determine the amount of NVOCs measured in the atmosphere within forests, sampling was performed
for a total of 14 air volume sections collected from a coniferous region using disposable tubes from
September to October 2012. The results of the comparative analysis of the detected NVOC substances in
these air volumes show the highest efficiency in the 9 L section. The analyte detection accuracy is between
85.8 and 110.9; this accuracy is high despite the high boiling point, which confirms that the NVOC analysis

using the HS-SPME method is effective.
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INTRODUCTION

Various types of volatile organic compounds (VOCs)
that currently exist in the atmosphere have been emitted
by both artificial and natural sources. The majority of
anthropogenic volatile organic compounds (AVOCs) that
are in the urban atmosphere have been emitted by indus-
trial facilities, architecture materials, and vehicles. Some
AVOCs in themselves present either harmful toxic or car-
cinogenic effects and can cause mutations (Aaltonen et
al.,2011). Meanwhile, natural volatile organic compounds
(NVOCs), which are emitted naturally, have been recog-
nized more recently than artificial emissions, and their
emission sources, such as woody material and herba-
ceous plants, have been known since the 1970s (Akutsu
et al., 2006). The terpenoids of NVOCs emitted from for-
ests have been called phytoncides. The phytoncides that
have been discovered thus far include volatile and liquid
substances, as well as solids; those that come in direct
contact with the body while walking in a forest are vola-
tile phytoncides released into the air by plants (Brared—
Christensson et al., 2012). Phytoncides have different
scents according to the type of tree from which they are
emitted and the emitted versatile elements (Cheng et
al., 2009). In addition, phytoncides are known to have
different characteristics depending on their elements
(Dayawansa et al., 2003), including insect—proof, anti-
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bacterial, anticancer, antioxidant, antistress, and immu-
nity boosting characteristics (Dimitriades 1981; Elson et
al., 1988; Guenther et al., 1991). However, the chemical
compositions of phytoncides are not precisely known.
Internationally, various species of trees have been
studied through a sampling and analysis method from
the United States and Europe (Keith and walker 1995;
Kesselmeier and Staudt 1999; Kim et al., 2001; Ji et al.,
2002; Hakola et al., 2003). Phytoncides have also been
studied in Japan (Li et al., 2006; Kim et al., 2008; Kordali
et al., 2008; Lee et al., 2011; Osman, et al., 2011; Ohira
and Matsui, 2012; Matsunaga et al., 2013) and Korea,
where the study of artificial emissions has been executed
for several years (Pio et al., 2001; Pankow et al., 2011).
However, many reports do not sufficiently study NVOCs
emitted in natural environments, with inadequate under-
standing of their characteristics, sampling, and analysis
methods. In addition, many researchers have used ver-
satile methods because both sampling and analysis
methods to study VOCs emitted in nature have not been
defined. Accordingly, this study verifies whether the
headspace solid-phase microextraction (HS-SPME)
method has a sufficiently low data loss and is suitable for
NVOC analysis using Pinus densiflora Siebold & Zucc.,
which is representative of coniferous species in East Asia.

MATERIALS AND METHODS

Study site

The research site for this study is the Daegwallyeong
Pinus densiflora forest area located in Seongsan—
Myeon, Gangneung City, Gangwon—do in South Korea.
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There are several types of Pinus densiflora Siebold &
Zucc. trees in this location, with the Pinus densiflora
Siebold & Zucc. forma erecta Uyeki, which has straight
red stems, as the primary tree in this study. The reser-
vation condition of the target site is favorable, and the
research was performed in a forest area approximately
20 m off of a trail, such that the trail did not contaminate
the atmosphere environment. The research site is a
mountainside located at an altitude of 240 m and is a
dominant area of five age classes of fine trees. The area
is rugged with a steep slope and is of river-bed type. Its
sedimentation is creep, the aspect is southwest, and wind
exposure is normal as for a forest land.

Measurement factors
Natural volatile organic compounds

VOCs are either liquid or gas organic compounds that
have boiling points under 100°C and are easily evapo-
rated into the atmosphere. This study concentrates on
methods of analyzing NVOCs. The majority of NVOCs
emitted in forests is generated by trees. Terpene com-
pounds, which are types of NVOCs emitted by trees, are
built from multiple base units of isoprene, which contains
five carbon and eight hydrogen atoms. Terpene com-
pounds usually have a strong smell, minimal water solubil-
ity, and are located in plants, as well as in animals and
microorganisms. A common, large NVOC group terpenes
are classified by the number of isoprene units in the mol-
ecules, e.g., hemiterpenes (one isoprene unit), monoter-
penes (two isoprene units), and sesquiterpenes (three
isoprene units). Emission inventories show that isoprene
units and monoterpenes are the most prominent com-
pounds. This study selected a total of 20 species of iso-
prenes and monoterpenes (99%, Aldrich, USA), including
isoprene, a-Pinene, S-Pinene, and camphene, for anal-
ysis.

Selection of measurement materials

As part of an effort in Forest Science & Technology
projects, the Korea Forest Service recently performed a
material contents survey pertaining to the health effects
of NVOCs, selecting 20 species elements emitted from
various coniferous species. Types of VOCs emitted from
plants are estimated to be over 25,000, and chemical spe-
cies of NVOCs emitted into the atmosphere by plants are
147, over half of which are terpenes, according to the
Model of Emissions of Gases and Aerosols from Nature
2.1 released by the National Center for Atmospheric
Research (NCAR) in 2012, which shows 53 species’ mate-
rials out of the total 147. Medical studies researching
the effects of NVOCs and how to cope with the diseases
they cause have been published internationally (Yatagai
et al., 1995; Trapp et al., 2001; Tani et al., 2002; Wang et
al., 2006; Tani and Kawawata, 2008; Yang et al., 2011;
Wang et al., 2012).

Therefore, unlike previous efforts to analyze NVOCs,
we have surveyed the existing literature to determine
how materials have been observed to affect the body thus
far. The primary keywords for the literature search were
BRM (biological response modifier), phytochemicals,

nutraceuticals (nutrition and pharmaceuticals), aromas,
and essential oils. Accordingly, keywords resulting in high
frequency outputs from previous studies were used in
this study to guide the selection of materials to represent
VOC types present in the atmosphere.

Measurement methods
NVOCs

The adsorption tube method was used in this study to
collect samples. A disposable tube (ORBO 402, Supelco,
USA) filled with Tenax TA was used as the adsorption
tube. The sample capture device was a mini pump
(MP-330KN, SIBATA, Japan), and the calibration was
proceeded by adsorption error to use a flow meter before
use. The total adsorption flow was sampled at 100 mL/
min for air volumes of 1, 3, 6, 9, 12, 24, and 48 L. The
sampling equipment was installed in accordance with the
horizontal height of the tripod, 1.5m from the ground,
and calculated the average value from duplicate sam-
pling at every location. Disposable polyethylene gloves
and antibacterial masks were used to prevent artificial
error when in contact with the tube during installation.
After sampling, sample tubes were maintained at tem-
peratures below 4°C and analyzed within 48 h.

HS-SPME Method

The extraction method for the samples of VOCs and
synthetic organic compounds (SOCs) was expensive and
time consuming, and contamination materials that are
harmful to the body and environment were emitted from
the use of organic solvents. In addition, there was a loss
in sampling the pretreatments, which caused an error, as
well as low reproducibility, because of contamination
during extraction or enrichment. To mitigate this issue,
solid-phase micro extraction (SPME) is a simple method
to extract pretreatments without using organic solvents.

Accordingly, the sampling for this study used pre-
treatments from the HS-SPME method and applied the
NVOC analysis in an effort to analyze the sample using
GC-MS. In this setup, 1 mL MeOH flowed into the sam-
ple, which was then moved to a 10 mL of headspace vial
containing 4 mL of purified water. Phenanthrrene-10
(I1mg/L X 50ul) was then applied through internal
standards, and the sample was injected into the GC hole

Table 1. HS-SPME operating parameters for NVOCs

Parameter Value
Pre-Incubation Time 20s
Incubation Temp. 40°C
Fiber Condition Temp. 280°C
Agitator Speed 500 rpm
Vial Penetration 22 mm
Extraction Time 30m
Injection Penetration 54 mm
Desorption Time 5m
Post-Fiber Condition Time 10m
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and analyzed by GC-MS after boiling for 15 min at 40°C.
Polydimethylsiloxane/divinylbenzene (PDMS/DVB) was
used for the fiber, and a chromatogram was recorded for
either a single or quantitative ion analysis. The peak posi-
tion of the retention time was measured for each mate-
rial, and each quantity was acquired from the calibration
curve, allowing the calculation of the sampling concen-
tration (Table 1).

RESULTS

Calibration curve

There are few tests to confirm both the analysis
device and the procedures. First, this study used 20 spe-
cies of standard materials, such as «-Pinene and
B —Pinene, to draw the calibration curve. Using the cali-
bration curve to calculate each element’s mass number
and the square of its rate of diluting standard materials,
a majority of the materials has a linearity greater than
0.997, e.g., a-Pinene (R* = 0.997), B8-Pinene (R* =
0.998), and D-Limonene (R* = 0.999). The experiments
using these materials also have a high reproducibility
with respect to the liner correlation coefficient, which is
suitable for analysis.

Limits of detection and quantification

The limit of detection (LOD) is the minimum con-
centration of a substance required for its detection, and
the limit of quantification (LOQ) is the limit at which dif-
ferent quantities of a substance can be distinguished from
each other. An extraction following the test procedure
described above using 7ea sample with added analysis
materials was performed to set the estimated LOD for

Table 2. Analytical results of LOD-LOQ measurements
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the material tube used to analyze the LOD. This extrac-
tion calculated a standard deviation for each sample; the
LOD was set as the standard deviation multiplied by 3.14,
and the LOQ was the standard deviation multiplied by 10.

To verify whether the above values can detect sub-
stantial materials, we applied the LOQ to the LOD analy-
sis material tube and then performed the extraction as
described above. Requirements for detection were set at
3 times the signal-to-noise ratio. As a result, the LOD
was below 0.07ng over all materials, and the LOQ was
below 0.24 ng (Table 2).

Accuracy and precision

The standard material concentration was set at 10
times the LOQ concentration of purified water, and the
standard deviation and average value were calculated as
above. After performing five measurements, the coeffi-
cient of variance measured within 4.2%-12.3%, and the
precision was within 10%, except with terpineolene,
cedrol, v —Terpinene, cineole, and isoprene. As a result,
the accuracy was within 100% for such materials as
caryophyllene and 6 —3—carene, among others. Of the 20
species of materials, the accuracy of 15 species was
under 100% and that of the other 5 species was over
100% (Table 3).

Sampling determination

In this study, the conditions of the physical environ-
ment, such as temperature, wind speed, humidity, illumi-
nance, and other conditions, which are a flow speed, and
the species and ages of trees, were set to determine the
sampling of phytoncides. The results of sampling NVOC
detection show that the most efficient detection was in

(unit: ng)

Compound (S;gf: Conc.1 Conc.2 Conc.3 Conc.4 Conc.b Conc.6 Conce.7 LOD LOQ
Isoprene 0.5 0.478 0.687 0.385 0.545 0.780 0.601 0.472 0.428 1.36
a—-Pinene 0.05 0.046 0.048 0.053 0.064 0.040 0.067 0.048 0.031 0.10
Camphene 0.05 0.034 0.049 0.057 0.051 0.048 0.063 0.053 0.028 0.09
-Pinene 0.05 0.037 0.036 0.041 0.051 0.032 0.054 0.039 0.026 0.08
0 —3-Carene 0.05 0.039 0.047 0.047 0.051 0.043 0.059 0.046 0.020 0.06
Myrcene 0.05 0.039 0.035 0.038 0.048 0.049 0.052 0.047 0.021 0.07
a-Phellandrene  0.05 0.058 0.050 0.047 0.050 0.067 0.050 0.055 0.022 0.07
a -Terpinene 0.05 0.046 0.072 0.044 0.055 0.055 0.058 0.041 0.033 0.11
D-Limonene 0.05 0.051 0.052 0.059 0.064 0.039 0.061 0.040 0.031 0.10
Cineole 0.05 0.036 0.032 0.036 0.070 0.043 0.097 0.051 0.073 0.23
v —Terpinene 0.05 0.052 0.053 0.038 0.052 0.046 0.049 0.031 0.026 0.08
Cymene 0.05 0.046 0.054 0.053 0.060 0.042 0.063 0.049 0.023 0.07
Terpinolene 0.05 0.064 0.059 0.051 0.058 0.055 0.042 0.034 0.033 0.11
Linalool 0.05 0.063 0.067 0.062 0.053 0.050 0.064 0.065 0.021 0.07
Camphor 0.1 0.090 0.081 0.070 0.106 0.081 0.125 0.072 0.063 0.20
a—Humulene 0.05 0.054 0.050 0.046 0.045 0.054 0.050 0.044 0.013 0.04
Terpineol 0.05 0.084 0.042 0.039 0.058 0.035 0.091 0.037 0.074 0.24
Cedrol 0.05 0.037 0.041 0.071 0.041 0.019 0.082 0.076 0.075 0.24
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Table 3. Precision and accuracy of NVOCs

Compound Spike Conc. (ng) Average = SD (ng) Accuracy (%) Precision (%)

1.0 0.96 = 0.12 95.7 12.3
Isoprene

5.0 4.91 = 0.56 98.2 11.3

0.5 0.47 = 0.03 94.5 7.2
a —Pinene

2.5 2.46 = 0.18 98.4 7.4

0.5 0.45+0.03 90.8 7.3
Camphene

2.5 2.46 = 0.30 98.6 12.1

0.5 0.47 = 0.04 93.7 8.0
B —Pinene

2.5 2.43 = 0.22 97.0 9.2

0.5 0.43 = 0.04 86.8 9.4
0 —3-Carene

2.5 2.60 = 0.20 103.9 7.6

0.5 0.48 = 0.04 96.3 7.5
Myrcene

2.6 2.29+0.13 91.6 5.7

0.5 0.44 = 0.04 87.5 8.6
a —Phellandrene

2.5 241 +0.18 96.4 7.7

0.5 0.44 = 0.04 88.8 8.8
a —Terpinene

2.5 2.43 = 0.26 97.0 10.7

0.5 0.46 = 0.04 92.2 9.3
D-Limonene

2.5 244 = 0.23 97.5 9.6

0.5 0.49 = 0.06 97.2 12.2
Cineole

2.5 2.62 = 0.25 104.7 9.6

0.5 0.46 = 0.05 92.0 11.8
v —Terpinene

2.5 2.34 +0.13 93.4 5.7

0.5 0.48 = 0.05 96.1 10.0
Cymene

2.5 252 +0.28 100.7 11.2

0.5 0.43 = 0.03 86.7 7.4
Terpinolene

2.5 254 +0.11 101.4 4.4

0.5 0.50 = 0.05 100.7 9.4
Linalool

2.5 2.73+0.21 109.3 77

0.5 0.52 = 0.03 104.5 5.2
Camphor

2.6 2.39 = 0.20 95.4 8.2

0.5 0.44 = 0.03 88.8 7.6
a—Humulene

2.5 2.34 =£0.18 93.8 7.6

0.5 0.55 = 0.06 110.9 10.4
Terpineol

2.5 2.62 = 0.18 104.9 6.7

0.5 0.561 = 0.06 102.2 11.5
Cedrol 95 2.76 + 0.24 110.3 8.6

the case of 9 L sampling to detect 13 species (Table 4).

DISCUSSION

This study suggests alternatives for the sampling and
analysis of NVOCs emitted from natural forest environ-
ments. Several pretreatment steps were inevitable for
the analysis of the existing VOC materials. However, the
HS-SPME method is a simple pretreatment method that
does not use organic solvents and allowed the extraction
of NVOCs by GC/MS analysis. This saved analysis time
and minimized the contamination of the analysis materi-

als.

This study used 20 species of standard materials,
such as a-Pinene and -Pinene, to draw the calibration
curve by HS-SPME. Using the calibration curve to cal-
culate each element’s mass number and the square of its
rate of diluting standard materials, the majority of the
materials was shown to have a good linearity of over
0.997. The experiments also have a high reproducibility
with respect to the liner correlation coefficient, which is
suitable for analysis.

The LOD was below 0.07 ng for all the materials, and
the LOQ was below 0.24 ng. The study of the relationship
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Table 4. Analytical results of air volume tests

(unit: ng)

Compound 1L 3L 6L 9L 12L 24L 48L
Isoprene ND ND ND ND ND ND ND
a—Pinene 0.18 0.56 0.65 0.73 1.26 1.95 3.08
Camphene ND 0.15 0.18 0.21 0.48 0.91 1.68
-Pinene 0.21 0.62 0.87 1.12 1.71 2.80 4.92
0 —-3-Carene 0.14 0.11 0.09 0.12 0.05 0.07 0.18
Myrcene 0.14 0.23 0.13 0.16 0.08 0.10 0.23
Phellandrene 0.12 0.25 0.15 0.07 0.02 0.14 0.33
a-Terpinene 0.02 0.30 0.13 0.09 0.06 0.12 0.43
D-Limonene 1.34 1.23 0.73 1.14 1.39 1.56 3.70
Cineole ND ND ND ND ND ND ND
7 —Terpinene 0.57 0.67 0.64 0.37 0.59 0.64 1.09
Cymene 0.22 0.37 0.25 0.18 0.18 0.28 0.56
Terpinolene 0.18 0.51 0.36 0.16 0.27 0.42 0.93
Linalool ND ND ND ND ND ND ND
Camphor ND ND ND 0.14 0.47 0.77 1.25
Caryophyllene ND ND ND ND ND ND ND
a —Humulene ND ND ND ND ND ND ND
Terpineol 0.88 0.86 0.79 1.10 1.10 1.78 1.21

between VOC emission and secondary organic aerosols
was also performed more widely. This means that it
accounts not only for what is inside the forest but also
the overall emission quantities to calculate the NVOC
emission coefficient in the entire forest. To make up for
this matter in NCAR, accurate NVOC concentrations
were calculated using enclosure chambers on trees, but
NVOC measurements in a natural environment without
artificial conditions are incomplete. There is some
advanced research in Korea to take measurements in
forests; however, the sampling flow quantity is different,
which introduces uncertainty in determining standard
sampling quantities.

Therefore, to determine the sampling quantity of
NVOCs in the forest atmosphere, this study used both a
mini pump and a disposal tube filled with Tanax TA from
a Pinus densiflora forest that is known to emit a large
quantity of NVOCs from a needle-leaf tree. The total
14ea sampling was divided to measure air volumes of 1,
3,6,9, 12, 24, and 48 L. We also measured duplicate sam-
pling in each location so as to minimize the standard
deviation and used the average value during analysis.

As a result of the comparison analysis over the
extracted NVOC materials, the efficiency of the 9 L case
had the highest result. The accuracy of the material
detection was in the range of 85.8-110.9 in spite of a
high boiling point, which means that the NVOC analysis
by the HS—-SPME method is useful for verification.
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