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Abstract—Isoprene is an important volatile organic compound causing photochemical smog in the atmosphere; thus,
accurate analysis of isoprene is essential. In this study, the effect of sampling conditions, including adsorbent types,
sampling temperatures, and flow rates on the recovery of isoprene, was investigated. Common adsorption traps of iso-
prene, including Tenax TA/Carbosieve SIII, Tenax TA/Carbotrap, were used as adsorbents. Sampling temperatures var-
ied from 25 °C to 40 °C. Sampling flow rates were 50, 100, and 200 mL min™". It was found that the Tenax/Carbotrap
trap revealed the highest isoprene recovery rate; however, the Tenax/Carbosieve SIII trap depicted more significant loss
of isoprene than the other one. As for sampling variables, the lower the temperatures and flow rates concerned were,
the higher the isoprene recovery was. It was concluded that sampling temperatures and flow rates should be <35°C
and <50 mL min' during a sampling process, respectively. In addition, Carbosieve SIII should not be used for iso-

prene sampling due to its poor recovery rate.
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INTRODUCTION

Isoprene is one of the volatile organic compounds (VOCs) that
is an essential indicator of environmental pollution and health in
modern society [1-4]. VOCs contribute to the generation and trans-
formation of numerous pollutants from various emission sources,
such as industrial activity, vehicles, and natural sources, to widely
distributed emission regions, including urban areas, rural areas, and
the ocean, depending on the characteristics of their locations [5-
10]. Globally, VOC emissions are much higher from natural sources.
VOGs, including isoprene, are major atmospheric chemicals that
are commonly emitted from natural sources [6,9,11,12] when they
react with nitrogen oxides. They contribute to the formation of
ozone and particulate matter in the atmosphere, which is moni-
tored and analyzed to manage air quality [9,13]. Ozone and partic-
ulate matter contribute to air pollution and negatively affect human
health. In particular, the ozone concentration in the atmosphere is
an important indicator of an increase in the concentration of VOC
emissions [2,14]. Natural sources account for a more significant frac-
tion of VOC emissions than artificial sources. However, artificial
VOC emissions are increasing owing to human activity, and require
more attention [15,16]. It has even been confirmed that isoprene is
generated in human breath, and research on this is being conducted
in various fields [17-19]. In particular, the semiconductor and rub-
ber manufacturing industries, which are undergoing rapid devel-
opment in Korea and have contributed significantly to the economic
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growth of the country, have become a major source of isoprene
emissions [20-22].

Isoprene is a colorless volatile compound soluble in most hydro-
carbons and practically soluble in water. It is highly reactive and
undergoes a reaction similar to that of butadiene. Isoprene units
are abundant in nature. Isoprene reacts rapidly with oxygen in the
air, and 1% conversion of isoprene occurs in approximately 3 h at
50 °C. The resulting product is a cyclic compound of oxygen and
isoprene with a repeated structure of (-C5H902-) [10]. The reac-
tions above give isoprene a dominant role in atmospheric chemis-
try, and its properties are shown in Table 1. Various methods can
be used to analyze isoprene, such as chemiluminescence, gas chro-
matography (GC)-based, and photoionization detector measure-
ments. Among them, GC-based analysis is a standard method for
VOC analysis used in US EPA Method TO-17. This one presents
a standard method for sampling VOCs using solid sorbents and
for analyzing them using GC. Sampling conditions such as adsor-
bent type, temperature, and flow rate are presented here. Solid sor-
bents are commonly used to concentrate isoprene, and sorbents
commonly used are graphitized carbon black-based ones such as
Carbotrap, Tenax GR, Tenax TA, Carbosieve S3, Carboxen 569 [23-
27]. Although this method is a standard VOC sampling and anal-
ysis method, it lacks specific sampling information on the highly
reactive isoprene. To sample isoprene according to the TO-17 method,
the selection of solid adsorbents and sampling conditions should
be presented. However, when selecting a solid adsorbent, the user
should consider the suitable combination by presenting informa-
tion such as the carbon number of the target material, boiling point
range, limit temperature for desorption, and surface area. In the
case of the sampling flow rate, the range of 5 to 200 mL min " is sug-
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Table 1. Gas chromatography/mass spectrometry analytical methods

Gas chromatography/mass spectrometry system

Initial temperature 40 °C
Hold time 5 min
Ramping rate (1%) 2 °C min™'
Next temperature 120 °C
GC Oven Hold time 1 min
Ramping rate 10 °C min™'
Final temperature 240 °C
Hold time 2 min
Total running time 60 min
Ionization mode EI (70€V)
Ion source temperature 250 °C
MS Detector Interface temperature 250 °C
TIC scan range 29-280 m/z
Threshold 150 °C
Thermal desorber
Sampling-tube desorption temperature 280 °C
Sampling-tube holding time 10 min
Minimum cold-trap temperature -10 °C
Maximum cold-trap temperature 320 °C
Cold-trap hold time 5 min
Transfer-line temperature 120 °C
Heated-valve temperature 120 °C

gested based on the suction tube with the outer diameter of 1/4-
inch, and a flow rate of higher than 200 mL min™" is not recom-
mended. In the case of sampling temperature, normal atmospheric
conditions are presumed, and it is recommended to achieve equi-
librium with ambient temperature. In addition, the temperature at
the time of sampling is limited to suggesting a method to minimize
the effect on moisture by setting the temperature below 30 degrees
when the humidity is low and above 30 degrees when the humid-
ity is high based on a relative humidity of 65% [27]. This method
of sampling and analyzing VOCs is still in use today without being
reformed [28-30]. If the wrong adsorbent is used, the loss of iso-
prene due to on-sorbent reaction or artifact formations can occur.
Therefore, it is necessary to investigate the effect of adsorbents and
sampling variables on the sampling isoprene.

The aim of this study was to determine the best sampling con-
ditions for isoprene using an adsorption tube. Common adsor-
bents for VOCs, including Carbosieve SIII, Carbotrap, and Tenax -
TA, were used to investigate the isoprene recovery rates associated
with various temperatures and flow rates. Through this study, opti-
mal adsorbent, sampling temperature, and flow rate would be sug-
gested.

METHOD AND MATERIALS

1. Target Compound and Adsorbents

The emission of isoprene significantly impacts the oxidizing
potential of air. This impact accounts for a large proportion of the
air environment, making accurate measurement of the substance

necessary [31,32]. Therefore, this experiment was carried out to
determine suitable adsorbents and sampling conditions for iso-
prene sampling using solid adsorbents based on GC and thermal
desorption. The isoprene standard (GC grade, purity 99.5%, Sigma
Aldrich, USA) was handled using a brown 2 mL vial for isoprene
generation and measurement according to the procedures described
in US EPA Method 8260D [33]. The standard was used without
further purification and converted into a gas material using a static
dilution bottle (SUPELCO, USA), which is a simple method for
preparing, storing, and using VOC standard materials [34-36]. A
static dilution bottle was used to convert the solution into a gas-
eous material. Subsequently, 1 mL of the isoprene standard mate-
rial was injected into a 2 liter static dilution bottle and evaporated
to prepare the standard gas. The concentration of the prepared stan-
dard gas was sampled using a syringe for the adsorption experi-
ment and was determined to be approximately 220 ppmv. Experi-
ments were conducted using two adsorbents, Carbosieve SIII (60/
80 mesh, SUPELCO, USA) and Carbotrap (20/40 mesh, SUPELCO,
USA), coupled with Tenax TA (60/80 mesh, SUPELCO, USA).
Tenax TA is a single-type polymer with applications ranging from
Cs-Cy. It is a solid sorbent material commonly used to analyze
semi-volatile organic compounds because of its inert characteris-
tics, high porosity, high surface area, and low non-specific adsorp-
tion. In addition, it helps to prevent water-related analysis problems
that are often encountered in multibed or carbon-based materials
[37-39]. Therefore, Tenax TA has long been used as a guard adsor-
bent for a multiple adsorption bed or trap. Carbosieve SIII is a
porous carbon material that has been widely studied for its poten-
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tial in gas separation and purification applications. The main char-
acteristics of Carbosieve SIII include its high surface area, narrow
pore-size distribution, and high mechanical stability. Its surface
area (900 m’ g ') and pore volume (0.65cm’ g ') provide a large
surface area for gas adsorption, which is important for efficient gas
adsorption. The 3 A-pore size of Carbosieve SIIT makes it ideal for
adsorbing small gas molecules. Its high surface area, narrow pore-
size distribution, and good chemical stability make it suitable for
industrial processes requiring efficient and selective gas adsorp-
tion [40]. However, the adsorption capacity of Carbosieve SIII de-
creases with increasing relative humidity. Therefore, the effect of rela-
tive humidity must be carefully considered when using Carbosieve
SIII to measure VOCs in humid environments [38,41]. Carbotrap
is also a porous carbon material as Carbosieve SIII. The adsorp-
tion coverage of Carbotrap ranges from C, to C,,, and it exhibits a
wide range of application conditions. Carbotrap targets a wide range
of VOCs, such as aliphatic hydrocarbon compounds, ketones, and
aldehydes. It is advantageous for capturing strong volatile substances
[42-44]. The main characteristics of Carbotrap include a high sur-
face area, narrow pore-size distribution, and good mechanical sta-
bility. Their surface area (600 m’ g ') and pore volume (0.35cm’ g™
provide a large surface area for gas adsorption, which is import-
ant for efficient gas adsorption. The 10 A pore size of Carbotrap
makes itself ideal for adsorbing small gas molecules [43,44]. Accord-
ingly, Tenax-TA/Carbotrap trap (1/4-inch O.D. tube, Tenax TA/
Carbotrap trap=110 mg/100 mg) was used to compare with Tenax-
TA/Carbosieve SIII trap (1/4-inch OD. tube, Tenax TA/Carbosieve
SIII=110 mg/60 mg).
2. Isoprene Analytical Methods
2-1. Analytical Instrument

Isoprene was analyzed using a system that included a thermal
desorber (Model Unity, Markes, UK), GC (HP Model 6890, Agi-
lent, USA), and MS (HP Model 5973, Agilent, USA). The com-
pounds were analyzed using a DP-624 column (60 mx0.32 mm,
1.8 um, Agilent, USA). Table 1 shows the operating conditions of
the thermal desorber and GC/MS. The sorbent was desorbed for
10 min in the thermal desorption pre-treatment system under var-
ious temperature conditions. The isoprene samples were then intro-
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Fig. 1. Isoprene calibration curve.

duced into the GC/MS system after desorption from the adsorbent.
Individual compound was separated on the column to allow ade-
quate separation within the GC. Isoprene has a low molecular weight,
which is classified as C5, and a boiling point of 34.067 °C, making
it highly volatile. The GC oven program was set initially at 40 °C
for 5 min for the analysis of isoprene. The temperature was increased
at a rate of 2°C min™' to 120°C and then at 10°C min "' to 240°C.
Finally, the temperature was maintained at 240 °C for 2 min [45].
2-2. Calibration Curves, Quality Assurance, and Quality Control
The standard gas was prepared by injecting 1 mL of the iso-
prene standard material into a 2 liter static dilution bottle. The static
dilution bottle was used to create a continuous isoprene calibra-
tion line. A standard was used to calculate the isoprene concentra-
tion. The prepared standard gas has a concentration of approximately
220 ppmv. Volumes of 1, 10, 100, 500, 1,000, and 2,000 uL were
directly injected into the GC/MS system using a syringe. The injected
isoprene masses were 0.34, 3.37, 33.71, 168.55, 337.1, and 674.19
ng. Isoprene was analyzed using a GC/MS system in the SIM mode.
The isoprene calibration curve showed a high linearity (R*>0.9994)
(Fig. 1). The quality assurance and control of the analytical system
were performed by analyzing the same standard concentration
three times to calculate the relative standard deviation and evalu-
ate the analytical precision. In addition, OriginPro 2022 (9.9.0.220,
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Fig. 2. Schematic diagram for isoprene sampling and analyzing.
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Table 2. Experimental conditions

Conditions Values
Adsorbent tra Tenax TA/Carbosieve SIII
P Tenax TA/Carbotrap
Sampling temperature (°C) 25, 35, 40
Sampling flowrate (mL min ") 50, 100, 200

OriginLab, USA) was used for statistical processing of experimen-
tal data.
3. Experimental Procedure

The effects of sampling temperatures and flow rates on the loss
of isoprene during sampling were investigated. The experimental
set-up is shown in Fig. 2. Experimental conditions were based on
the US EPA standard method TO-17 for the collection and analy-
sis of VOCs in ambient air. As recommended in the method, sam-
pling flow rates should be from 5 to 200 mL min™". Therefore, the
sampling flow rate in this study varied as 50, 100, and 200 mL min™'
In terms of sampling temperature, ambient temperature is recom-
mended based on the US EPA standard method TO-17. However,
the ambient temperature may reach 40 °C. Therefore, the sampling
temperatures were selected as 25, 35, and 40 °C. The experimental
conditions are summarized in Table 2.

RESULTS AND DISCUSSION

1. Effect of Sampling Temperatures on the Recovery of Iso-
prene Using Tenax TA/Carbosieve SIII and Tenax TA/Car-
botrap Traps

VOC sampling, including isoprene, is influenced by the tem-
perature and flow rate [46]. Isoprene is highly volatile and can poten-
tially evaporate at lukewarm (boiling point: 34.067 °C) conditions.
Thus, the sampling temperature should be carefully considered. In
this experiment, the effect of the sampling temperature on the
recovery rate of isoprene was studied based on the laboratory tem-
perature. The sampling temperature was 25, 35, and 45 °C, and the
experiment was conducted based on these temperature condi-
tions and a sampling flow rate of 100 mL min . The experimen-
tal results are shown in Fig. 3.
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90% ® Tenax TA/Carbotrap
80%

$ 70%
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> 50%
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3 40%
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Fig. 3. Isoprene recovery rate based on the sampling temperature
for Tenax TA/Carbosieve SIII and Tenax TA/Carbotrap tube
traps.

It was found that the recovery rates of the Tenax TA/Carbosieve
SII and Tenax TA/Carbotrap traps were 63.50% and 87.97%, respec-
tively (Fig. 3). Among sampling temperatures of concern, the first
change in adsorption performance was observed at 35 °C, which is
near the boiling point of isoprene (34 °C). The result at 40 °C revealed
that the recovery rate was significantly lower than that at 35 °C.
However, no significant loss of isoprene was observed at 25°C
condition as expected. This result indicates that isoprene is not
smoothly adsorbed when the temperature exceeds 35 °C during
sampling. It was found that sampling temperatures have a signifi-
cant effect on the performance of adsorbents (Tenax TA/Carbosieve
SIII and Tenax TA/Carbotrap, p=6.5643x10"°, 1.9632x10"° at the
significance level of 0.05).

2. Effect of Flow Rates on the Recovery of Isoprene Using
Tenax TA/Carbosieve SIII and Tenax TA/Carbotrap Traps

In this work, the influence of variations in flow rates on the recov-
ery rate of isoprene was studied. Sampling flow rates were 50, 100,
and 200 mL min ™" and the sampling temperature was maintained
at 25 °C. The experimental results are presented in Fig. 4.

As shown in Fig. 4, the recovery rates of the Tenax TA/Carbosieve
SIII and Tenax TA/Carbotrap traps were 72.37% and 94.70%, respec-
tively. The sampling flow rate was expected to influence the ad-
sorption performance, and the recovery rate of isoprene tended to
decrease as the flow rate increased. It was found that the sampling
flow rate had a significant effect on the recovery rate of isoprene
(Tenax TA/Carbosieve SIII and Tenax TA/Carbotrap, p=1.5050x
107, 8.5377x10™* at the significance level of 0.05).

In both experiments above, the isoprene recovery of Tenax TA/
Carbosieve SIII trap was lower than that of Tenax TA/Carbotrap
trap. Tenax TA exists on both traps. Therefore, the loss of isoprene
might be due to Carbosieve SIII. Therefore, an extra experiment
with only Carbosieve SIII was conducted to demonstrate its effect
on isoprene. 180 mg and 300 mg of Carbosieve SIII, which are
much greater than initial 60 mg, were used to investigate the iso-
prene recovery rate. The experiment was conducted at 25 °C of sam-
pling temperature and 100 mL/min of sampling flow rate. Since
this adsorbent trap contained only Carbosieve SIII, the desorption
temperature of 300 °C was used as the recommended tempera-
ture for Carbosieve SIII. The experimental results are depicted in
Fig. 5. As shown, the isoprene recovery rates were less than 40%.
This indicated that Carbosieve SIII itself affected the loss of isoprene.

100% Tenax TA/Carbosieve STI
m Tenax TA/Carbotrap
90%
S 80%
g I
© 70%
: I
g 60%
o
@
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40% l
30%
50 ml/min 100 ml/min 200 ml/min

Fig. 4. Isoprene recovery rate based on the flow rate for Tenax TA/
Carbosieve SIII and Tenax TA/Carbotrap tube traps.
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Fig. 5. Isoprene recovery rate based on the Carbosieve SIII amount
(mg)/desorption temperature (°C).

In the case of Carbosieve SIII, the results of the current and
previous experiments [24] confirmed that the adsorption capacity
for isoprene was lower than that of Carbotrap. Considering the ad-
sorbent performance alone, Carbosieve SIII is known to have a
larger specific surface area and stronger adsorption than Carbotrap
[47]. However, the isoprene-adsorption performance results indi-
cate that the performance of Carbosieve SIII is inferior to that of
Carbotrap. Therefore, the tendency of the adsorption capacity deteri-
orating with increasing flow rate was greater in Carbosieve SIII
than in Carbotrap. In previous studies, a multi-bed trap, including
Carbosieve SIII, was used to use the strong adsorption capacity of
Carbosieve SIII [48-50]. However, due to this strong adsorption
capacity, the low flow rate of sampling was not possible in the humid
air [51]. On the other hand, it was assumed that losses of 1,3-buta-
diene and isoprene were caused by both fast reactions on adsor-
bent surface and irreversible adsorption [52]. After a storage duration
of seven days, only 20% of 1,3-butadiene and 26% of isoprene were
recovered. The results presented in this paper demonstrate that the
adsorptive enrichment of reactive light hydrocarbons such as 1,3-
butadiene and isoprene using the carbon molecular sieves (Car-
boxen 569, Carboxen 1003, and Carbosieve SIII) results in a sig-
nificant underestimation of these compounds. The losses increased
with increasing storage time. The most remarkable effects were
observed for Carbosieve SIII. In contrast, no considerable analyte
losses were observed using the graphitized carbon black Carbotrap
X [52].

In general, the recovery rate of isoprene varied according to
sampling temperatures and flow rates, especially when the sam-
pling temperature increased. A previous study explains that there
could be a loss during sampling at a temperature beyond the boil-
ing point of isoprene, and this study also proved that it was true
[48]. In the case of the sampling flow rate, it was found that the
recovery rate was low due to the fast flow rate, and this tendency
was evident especially in Tenax TA/Carbosieve SIII trap. Conse-
quently, optimizing sampling temperatures and flow rates is criti-
cal in ensuring high recovery rates of isoprene. It was also proved
that Carbosieve SIII was unsuitable for the sorbent of isoprene.

CONCLUSIONS
Due to the sensitive physical properties of isoprene, isoprene
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recovery varies considerably with respect to various sampling con-
ditions. Sampling methods should be reasonably selected based on
sampling temperatures and flow rates. Sampling temperature is the
main variable to consider while sampling. A sampling temperature
higher than 35 °C reduced the recovery rate of isoprene significantly
since the boiling point of the analyte is 34 °C. Furthermore, a rea-
sonably low flow rate should also be maintained, as isoprene might
decompose during the adsorption process at high flow rates.

In conclusion, reasonable sampling conditions for isoprene, when
Carbotrap coupled with Tenax TA is used, were found to be a sam-
pling temperature of <35 °C, a sampling flow rate of <50 mL min™".
It is suggested that Carbosieve SIII should not be used for isoprene
sampling since it belongs to carbon molecular sieves.

ACKNOWLEDGEMENT

This paper was supported by Konkuk University Premier Re-
search Fund in 2020.

REFERENCES

1.C. Y. Hsu, H. C. Chiang, R. H. Shie, C. H. Ku, T Y. Lin, M. J. Chen,
N.T. Chen and Y. C. Chen, Environ. Pollut., 240, 95 (2018).

2.]J.W. Ahn, T. V. Dinh, S.Y. Park, Y. Choi, C.R. Park and Y.S.
Son, Atmos. Pollut. Res., 13, 101470 (2022).

3.K. Rumchev, H. Brown, and J. Spickett, Rev. Environ. Health, 22,
39 (2007).

4.]. Kim, ].E. Lee, H. W. Lee, ]. K. Jeon, J. H. Song, S.C. Jung, Y.E
Tsang and Y. K. Park, J. Hazard. Mater., 397, 122577 (2020).

5.P. A. Dominutti, J. R. Hopkins, M. Shaw; G.P. Mills, H. A. Le, D. H.
Huy, G.L. Forster, S. Keita, T.T. Hien and D.E. Oram, Environ.
Pollut., 318, 120927 (2023).

6.G. A. Novak and T. H. Bertram, Acc. Chem. Res., 53, 1014 (2020).

7.K. Na, Y. P. Kim, I. Moon and K. C. Moon, Chemosphere, 55, 585
(2004).

8.Q. Liang, X. Bao, Q. Sun, Q. Zhang, X. Zou, C. Huang, C. Shen
and Y. Chu, Environ. Pollut., 265, 114628 (2020).

9. A. Kiendler-Scharr, J. Wildt, M. D. Maso, T. Hohaus, E. Kleist, T. E
Mentel, R. Tillmann, R. Uerlings, U. Schurr and A. Wahner, Nature,
461, 381 (2009).

10. H. M. Lybarger, Kirk-Othmer Encyclopedia of Chemical Technol-
ogy: Isoprene, John Wiley & Sons, Inc., Hoboken (2014).

11.].E Lamarque, T. C. Bond, V. Eyring, C. Granier, A. Heil, Z. Kli-
mont, D. Lee, C. Liousse, A. Mieville, B. Owen, M. G. Schultz, D.
Shindell, S.J. Smith, E. Stehfest, J. Van Aardenne, O.R. Cooper, M.
Kainuma, N. Mahowald, J.R. McConnell, V. Naik, K. Riahi and
D. P. Van Vuuren, Atmos. Chem. Phys., 10, 7017 (2010).

12. A. Guenther, J. Geophys. Res., 100, 8873 (1995).

13.C. M. da Silva, E. C. C. A. Souza, L. L. da Silva, R. L. Oliveira, S. M.
Corréa and G. Arbilla, Bull. Environ. Contam. Toxicol., 97, 653
(2016).

14. Y.-K. Park, W.G. Shim, S.-C. Jung, H.-Y. Jung and S. C. Kim, Korean
J. Chem. Eng., 39, 161 (2022).

15.K.-J Kim, J.-H Lim and J.-C. Kim, J. Korean Soc. Environ. Anal., 8,
132 (2005).

16.].-C. Kim, J. Korean Soc. Atmos., 22, 743 (2006).



Effects of adsorbent sampling variables on the accurate measurement of isoprene 2891

17.N. Nath, A. Kumar, S. Chakroborty, S. Soren, A. Barik, K. Pal and
E G. de Souza, ACS Omega, 8, 4436 (2023).

18.T. Karl, P. Prazeller, D. Mayr, A. Jordan, J. Rieder, R. Fall and W.
Lindinger, J. Appl. Physiol., 91, 762 (2001).

19.]. King, P. Mochalski, K. Unterkofler, G. Teschl, M. Klieber, M.
Stein, A. Amann and M. Baumann, Biochemn. Biophys. Res. Com-
mun., 423, 526 (2012).

20. H. M. Chein and T. M. Chen, . Air Waste Manag. Assoc., 53, 1029
(2003).

21.H. M. Chein, T. M. Chen, S. G. Aggarwal, C.]. Tsai and C. C. Huang,
J. Air Waste Manag. Assoc., 54, 218 (2004).

22.].E. Lee, Y.S. Ok, D.C. W. Tsang, J. H. Song, S.-C. Jung and Y.-K.
Park, Sci. Total Environ., 719, 137405 (2020).

23.R. D.E M. Tallman, Toxicology, 113, 242 (1996).

24.. V. Eijk and D. Kotzias, Fresenius Environ. Bull., 3, 220 (1994).

25.H.E Linskens and J. E Jackson, Modern Methods of Plant Analysis
Volume 13: Plant Toxin Analysis, Springer-Verlag, Berlin (1992).

26.H. E Linskens and J. E Jackson, Modern Methods of Plant Analysis
Volume 19: Plant Volatile Analysis, Springer-Verlag, Berlin (1997).

27.E. A. Woolfenden and W. A. McCleanny, Compendium Method
TO-17: Determination of Volatile Organic Compounds in Ambi-
ent Air Using Active Sampling Onto Sorbent Tubes, U. S. Envi-
ronmental Protection Agency, Cincinnati (1999).

28.].-H. Kim, H. E. Lee and S. ]. Yoon, Atmosphere, 14, 485 (2023).

29. M. Even, E. Juritsch and M. Richter, Anal. Chim. Acta, 1238, 340561
(2023).

30. S. W. Harshman, A. E. Jung, K. E. Strayer; B. L. Alfred, J. Mattamana,
A.R. Veigl, A. 1. Dash, C.E. Salter, M. A. Stoner-Dixon, J. T. Kelly,
C.N. Davidson, R.L. Pitsch and J. A. Martin, J. Breath Res., 17,
027101 (2023).

31.S.J. Snow, J. D. Krug, J. M. Turlington, J. E. Richards, M. C. Schlad-
weiler, A.D. Ledbetter, T. Krantz, C. King, M.1. Gilmour, S.H.
Gavett, U.P. Kodavanti, A.K. Farraj and M.S. Hazari, Atmos.
Environ., 295, 119525 (2023).

32.A. Guion, S. Turquety, A. Cholakian, J. Polcher, A. Ehret and J.
Lathiere, Atrmos. Chem. Phys., 23, 1043 (2023).

33.SW-846 Test Method 8260D: Volatile Organic Compounds by

Gas Chromatography/Mass Spectrometry (GC/MS), U. S. Envi-
ronmental Protection Agency, Washington D.C. (2018).

34.D. Biagini, T. Lomonaco, S. Ghimenti, M. Onor, E G. Bellagambi,
P. Salvo, E D. Francesco and R. Fuoco, Talanta, 200, 145 (2019).

35. P V. Doskey and W. Gao, J. Geophys. Res., 104, 21263 (1999).

36. W.J. Broadgate, P.S. Liss and S. A. Penkett, Geophys. Res. Lett., 24,
2675 (1997).

37.Y.-H. Kim and K.-H. Kim, Anal. Chem., 85, 7818 (2013).

38. D. Helmig and L. Vierling, Anal. Chem., 67, 4380 (1995).

39.Y.-H. Kim, K-H. Kim, J. E. Szulejko and D. Parker, Anal. Chem.,
86, 6640 (2014).

40.F Innocenti, R. A. Robinson, T. D. Gardiner and A.]J. Finalyson,
Differential Absorption Lidar (DIAL) Quantification of VOC
Fugitive Emissions from Small Sources in Los Angeles Area, USA,
OCTOBER 2015, National Physical Laboratory, Middlesex, (2017).

41.0. Monyje, J. Catechis and J. C. Sager, SAE Tech. Pap., 2007-01-
3249 (2007).

42.V. Camel and M. Caude, J. Chromatogr. A, 710, 3 (1995).

43. A. Poormohammadi, A. Bahrami, A. Ghiasvand, E G. Shahna and
M. Farhadian, J. Environ. Health Sci. Eng, 17, 1045 (2019).

44.P. Foley, N. Gonzalez-Flesca, 1. Zdanevitch and ]. Corish, Environ.
Sci. Technol.,, 35, 1671 (2001).

45.]-H. Ahn, K-H. Kim, J. E. Szulejko, E. E. Kwon and A. Deep, Micro-
chem. J., 125, 142 (2016,).

46.0. 0. Kuntasal, D. Karman, D. Wang, S. G. Tuncel and G. Tuncel,
J. Chromatogr. A, 1099, 43 (2005).

47. M. Richter, E. Juritsch and O. Jann, J. Chromatogr. A, 1626, 461389
(2020).

48. C. Geron, A. Guenther, J. Greenberg, H. W. Loescher, D. Clark and
B. Baker, Atmos. Environ., 36, 3793 (2002).

49.B. Tolnai, J. Hlavay, D. Moller, H.-J. Priimke, H. Becker and M.
Dostler, Microchem. J., 67, 163 (2000).

50. G. Barrefors and G. Petersson, Chermosphere, 30, 1551 (1995).

51. G. Barrefors and G. Petersson, J. Chromatogr. A, 643, 71 (1993).

52. K. Dettmer, T. Knobloch and W. Engewald, Fresenius J. Anal. Chem.,
366, 70 (2000).

Korean J. Chem. Eng.(Vol. 40, No. 12)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


