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ABSTRACT

Automobile emissions have caused a major hydrocar-
bon pollution problem in the ambient air of many
cities around the world. This study was conducted to
measure the pollution status of volatile organic
compounds (VOCs) in some urban residential areas
in Seoul, Korea. A total of 20 VOCs (11 aromatic and
9 chlorinated species) were identified at 4 urban res-
idential sites in Seoul, Korea from February 2009 to
July 2009. Comparison of total VOC (TVOC) concen-
tration data indicated the dominance of the aromatic
species with the maximum (72.2 ppbC) at Jong Ro
(JR) and the minimum at Yang Jae (33.4 ppbC). The
peak concentration of TVOC occurred during spring
at all sites with an exception at Gang Seo (GS), where
it was recorded during winter. The distribution of indi-
vidual VOCs at the study sites was characterized by
high toluene concentration. A strong correlation of
benzene was also observed with other VOCs and
criteria pollutants at all sites (except YJ). The overall
results of this study suggest that vehicular emissions
have greatly contributed to the increase in VOC pol-
lution at all the study sites.

Key words: Urban air pollution, VOC, Aromatic,
Vehicular, Residential

1. INTRODUCTION

Volatile organic compounds (VOCs) are an impor-
tant group of air pollutants to be monitored in the ambi-
ent air, because of their versatile roles in environmen-
tal chemistry and the associated environmental impacts
on the ecological systems. A number of VOCs are
involved in tropospheric chemistry through the inter-
action with the OH radical or by the formation of pho-
tochemical oxidants(Wang and Zhao, 2008; Srivastava
et al., 2006; Atkinson, 2000). Some VOCs are also

reported to have toxic and carcinogenic health effects
(Guo et al., 2004).

VOCs are released into the atmosphere from both
biogenic (mainly vegetation) and anthropogenic sourc-
es. Anthropogenic sources include vehicle exhaust,
gasoline evaporation, natural gas, and combustion of
fossil fuels (Nguyen et al., 2009; Wang and Zhao,
2008). A large amount of VOCs are released in both
alocal and regional scale, while the patterns of their
emissions vary depending on source characteristics.
Emissions of aromatic hydrocarbons come from diesel
and gasoline engine vehicles (Abrantes et al., 2004;
Tavares et al., 2004; Broderick and Marname, 2002).
In the urban areas, aromatic VOCs such as benzene,
toluene, ethylbenzene, and xylene (collectively called
as BTEX) constitute up to 60% of non-methane VOCs
(eg., Leeetal., 2002). Hence, BTEX compounds can
be considered an indicator of organic compound pollu-
tion from road traffic (Hoque et al., 2008). The use of
unleaded gasoline and diesel fuel has increased world-
wide due to increases in traffic volume. As these fuels
contain a large fraction of aromatic hydrocarbons,
their monitoring in urban areas has become one of the
prior tasksin air quality management.

The US EPA has classified benzene as a group A
human carcinogen (US EPA, 1993), as leukemia has
been observed in humans occupationally exposed to
benzene. As toulene, xylene, and ethylbenzene can
form secondary organic aerosol, they have also been
the subject of several investigations (Cocker et al.,
2001; Odum et al., 1997). The secondary organic aero-
sols can affect lung function (Seaton et al., 1995),
while contributing to visibility degradation (Appel et
al., 1985). Hence, a proper evaluation of traffic related
contribution to regional VOC emissions is of great
interest (Barletta et al., 2002; Kim et al., 2001).

As the capital of Korea, Seoul has an area of 605.5
km? and a population of about 10.3 million with about
2.8 million motor vehicles (City of Seoul, 2010). As
considerable amounts of airborne pollutants are postu-



Temporal and Spatial Distribution of VOCs in Seoul 43

: L
Jong Ro_ -
Gwang Jing
" — =
3 '. . angsed:gu Jongro\gu
S = e o
" Sampling site WP O =
< - Sampling - o .
Gang Seo = 5 i 5 A
= LN /““:xsam”' 9 . @S
R -— = . €
- Gangnam-g;
" “Yang Jae
Sampling site
Longitude (E)

115 20 125
1 1

135 140 145
1 1

Latitude(N)

35

304

25

Fig. 1. Geographica location of four study sitesin Seoul, Korea: Jong Ro (JR), Gwang Jin (GJ), Gang Seo (GS), and Y ang Jae(Y J).

lated to be emitted, it is very important to describe the
concentration, composition, sources, and behavior of
VOCs for the development of their abatement strate-
gies. The main objectives of this study were: (1) to
describe the spatial and temporal distribution patterns
of VOC in the ambient air; (2) to assess the status of
VOC pollution in the ambient air of megacity; and (3)
to identify the major factors and processes affecting
the behavior of VOC in the urban air. For reader’s ref-
erence, polycyclic aromatic hydrocarbons measured
from the same study sites have been reported elsewhere
(Anthwal et al., in press).

2. MATERIALS AND METHODS

2.1 Field Site and Sampling

In this study, the measurements of VOC in ambient
air and the relevant environmental parameters were
undertaken at four residential locationsin Seoul which

include Jong Ro (JR), Gwang Jin (GJ), Gang Seo (GS),
and Yang Jae (Y J) (Fig. 1). GS might be affected due
to road traffic, whereas GJ site was located near water
purification plant under the direct effect of road traffic.
All of these sampling sites represent air quality moni-
toring stations in residential areas where the basic air
quality criteria have been monitored on aroutine basis.
None of the local emission sources were found near
the sampling location. Thus, it can be postulated that
the air samples collected at these sampling locations
areinfluenced mainly by the common man-made activ-
ities in the urban area without any identifiable strong
source activities. General aspects of these sampling
sites have been described in our previous report of
PAH study (Anthwal et al., in press).

The collection of VOC samples for this study was
carried out from Feb to July 2009. During the study
period, daily samples were collected for 30 minutes
between 3-3:30 pm (over 3 consecutive days per
month intervals). A list of VOCs selected and analyzed
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Table 1. Basic information of the volatile organic compounds (V OCs) monitored in this study.

S.No VOC species Short name

Molecular weight

CAS number Chemical formula

gmol ™
Aromatic VOCs

1 Benzene B 71-43-2 78.11 CeHs

2 Toluene T 108-88-3 92.14 C/Hg

3 Styrene STY 100-42-5 104.15 CgHg

4 Ethylbenzene EB 100-41-4 106.17 CgHyo

5 m,p-Xylene MPX 108-38-3 106.16 CgHyo

6 o-Xylene OX 95-47-6 106.17 CsHyp

7 1,2,4-Trimethylbenzene 1,2,4-TMB 95-63-6 120.19 CyH1o

8 Dichlorodifluoromethane DCDFM 75-71-8 120.91 CCI,F,

9 Trichlorofluoromethane TCFM 75-69-4 137.37 CCI3F
10 Dichlorotetrafluoroethane DCTFE 76-14-2 170.92 C,CloF,
11 1,1,2-Trichlorotrifluoroethane 1,1,2-TCTFE 76-13-1 187.37 C,Cl;F5

Chlorinated VOCs

12 1,1-Dichloroethane 1,1-DCE 75-34-3 98.96 C,H,Cl»
13 Chloroform CF 67-66-3 119.38 CHCl;
14 Methyl chloride MC 74-87-3 50.49 CH,CI
15 Trichloroethylene TCE 79-01-6 131.39 C,HCl3
16 Perchloroethylene PCE 127-18-4 165.8 C.Cl,
17 1,1-Dichloroethylene 1,1-DCEY 75-35-4 96.94 C,H,Cl»
18 Vinyl chloride VC 75-01-4 62.498 C,H3Cl
19 1,2-Dichloroethane 1,2-DCE 107-06-2 98.96 C,H,Cl»
20 1,1,1-Trichloroethane 1,1,1-TCE 71-55-6 1334 C,H3Cl3

throughout this study can be extended to cover atotal
of 20 compounds (Table 1). They consist of eleven
aromatic compoundsincluding BTEX and nine chlori-
nated VOCs.

2.2 Collection of Air Samples and VOC
Analysis

For the collection of VOC samples, adsorption trap
was made using stainless steel tube. These tubes were
packed with a solid sorbent Carbotrap 300 (a combina-
tion of Carbotrap C, Carbotrap B, and Carbosieve S
[11). The former two types of Carbotraps are efficient
to adsorb VOCs with C,-Cy4, While the latter Carbosi-
eve is considered an optimal choice for low-weight
VOCs with C,-Cs. These sampling traps were condi-
tioned for 1 h at 350°C with the constant supply of N,
at 50mL min~t. They were then seded by both Swa-
gelok fitting and PTFE ferrules. The collection of
VOC samples on the carbotrap 300 was made from 3
PM for each measurement date for 30 mins duration
with flow rate of 200mL min—* using a hand held pump
(SIBATA X30, Japan). The stainless steel tubes were
stored at 4°C and brought to the laboratory for analysis.

The VOC samples collected in adsorption traps were
analyzed with the laboratory GC/MS system (Agilent
GC/IMSD, model 6890/5975B) via thermal desorption
unit (Markes Unity Ltd., UK) on the following sequ-
ence: (1) thermal desorption of tubes at 280°C for 10
mins, (2) focusing of VOCson cold trap at —10°C, and

(3) subsequent transfer of VOCs into the GC/MS sys-
tem. The separation of VOC compounds was made by
acapillary column(DB-1, 60m x 0.25mm x 1 um film
thickness). The mass selective detector was operated
in electron impact mode (70€V). The temperature pro-
gram was conducted as follows: 40°C for 5 min, 50-
230°C ramping at 7°C min~?, and 230°C for 10 min.
The flow rate of carrier gas(helium) was maintained at
1.3mL min~t. The method detection limits (MDL), if
determined based on the instrumental detection limits
for the VOC analysis, was in the range of ~<1.0pg
m~3 or 0.24 ppb (0.15 (vinyl chloride)-1.0 ng (m,p-
xylene) in absolute mass).

3. RESULTS AND DISCUSSION

3.1 Distribution Characteristics of VOC

A statistical summary of the relevant parameters
measured at four urban locations during the study
period is given in Table 2. Table 2 summarizes the
sum concentration of aromatic and chlorinated VOC,
criteria pollutants, and meteorological parameters
measured during the study. In Fig. 2, concentrations
of TVOC determined at four urban locations are com-
pared along with the sum of aromatic and chlorinated
VOC. The mean concentration of TVOC (ppbC) was
seen in the order of 72.2(18.1-149) at JR, 55.2 (12.1-
157) at GJ, 59.0(18.6-165) at GS, and 33.4 (9.8-123)
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Fig. 3. The concentration of al aromatic VOC (ZAromatic
(ppbC)) measured at 4 urban sites in Seoul during the study
period.

shown in Table 3. Results presented in the Table 3
clearly indicate the dominance of toluene among al
the VOC species investigated at all the study sites.
The highest concentration of toluene was recorded at
JR site with a mean concentration of 7.04 ppb followed
by m, p-xylene (0.98 ppb). In the urban atmosphere,
toluene is the most abundant aromatic species, as re-
ported from many of previous studies(Wang and Zhao,
2008; Ho et al., 2004; Kim and Kim, 2002; Kourtidis
et al., 2002). The proportions of aromatic VOCs may
vary by locations due to differences in traffic and indus-
trial activities, emissions patterns, and meteorological
conditions(Lai et al., 2004). The concentration of tol-
ueneistypically 2-4 times that of benzene (Borbon et
al., 2002; Naand Kim, 2001; Brocco €t al., 1997). The
mean concentrations of most aromatic VOCs (except
toluene) were seen in the range of 0.5-2 ppb. It isalso
noted that BTEX exhibited fairly strong variahilities,
as the coefficient of variation (CV) values generally
ranged from 40 to 90%.

In Fig. 3, the mean concentrations of aromatic VOCs
(mainly BTEX) determined during the study period
are compared across 4 sites. The relative dominance
of toluene may be accounted for by the effect of traffic
activities, asit is used as the major component of gaso-
line or solvents(Brocco et al., 1997). Due to the high
reactivity of toluene and other aromatic hydrocarbons,
their presence at high concentration levels can lead to
the production of toxic products through atmospheric
oxidation (Liu et al., 2000). In addition, benzene is
mainly emitted from automobile emissions. Amongst
the aromatic hydrocarbons, toluene and benzene are
often treated as the main indicators of VOC pollution,
while their reactivities are significantly different from
each other. Tolueneis 5 times more reactive than ben-
zenein its reaction with OH radicals. Hence, changes
in their relative concentration ratio can be used to
assess their relative behavior (Gelencsr et al., 1997).
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In some previous studies, toluene to benzene (T/B)
ratio was computed to infer their source properties
(Barletta et al., 2005; Wang et al., 2005; Chan et al.,
2002; Lee et al., 2002). Considering that toluene and
benzene are the main fuel constituents, T/B ratio can
be a useful marker for road traffic emissions(Kelessis
et al., 2006; Rappengluck et al., 2005; Brocco €t al.,
1997; Gelencser et al., 1997). As one good example
of such applications, the T/B ratios can be examined
as a function of distance to the road (Gelencsr et al.,
1997). In this study, the median value of T/B ratios at
4 sites(5.9-9.4) were much higher than those reported
in many other urban areas like Rome, Changchum
(China), Kaohsiung (Taiwan), and Thessaloniki (Gre-
ece) (Hong et al., 2006; Kelessis et al., 2006; Lai et
al., 2004; Liu et al., 2000; Brocco €t al., 1997). How-
ever, these values are rather comparable to those in
most of Asian countries such as. Bangkok (10.22),
Hong Kong (7.74), and Osaka(7.19) (Lee et al., 2002;
Gee and Sollars, 1998; Tsujino and Kuwata, 1993).
The higher T/B ratio in the urban air should be associ-
ated with highly diversified sources of toluene or with
major differences in the fuel and vehicle types(Hoque
et al., 2008; Gee and Sollars, 1998).

3.2 Temporal Variations in VOC Concentration

Temporal variations in the TVOC concentration and
individual VOCs are examined by their daily values
at the 4 study sites, as shown in Fig. 4. According to
this analysis, the patterns of TVOC and individual
VOCs showed good similarities between different sites.
TVOC values at al sites peaked in April and then de-
creased till July. In case of individua VOC, toluene
concentration at the JR site recorded the maximum of
14.9ppb in April, while a vivid dropdown was recog-
nized in July with 1.84 ppb.

The seasonal mean values of TVOC and BTEX are
also plotted in Fig. 5. TVOC and BTEX species exhib-
it very clear seasonal characteristics at al study areas.
At JR, GJ, and YJ, TVOC showed maximum values
during the spring and minimum during summer. How-
ever, the pattern of GS was dlightly modified with the
winter maximum. If the individual VOCs are compared
by the seasonal mean values, the results are fairly
consistent in most cases (Fig. 5). In many previous
studies, seasonal variations in the VOC were generally
characterized by high concentration of VOC during
winter (Nguyen et al., 2009; Hoque et al., 2008; Na
and Kim, 2001; Liu et al., 2000; Brocco et al., 1997).
However, there is also contrasting evidence such as
higher concentration of aromatic VOC components
during summer (Nguyen et al. 2009). Cheng et al.
(1997) dso reported high concentrations of aromatics
in two downtown sites in Edmonton, Canada during
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Fig. 4. Temporal variation in the TVOC concentration and five individual components (BTEX) at 4 urban sites in Seoul during

the study period.

spring and in the industrial area during winter. Observ-
ed seasonal trends can be explained by the combined
effects of various factors including variations in source
strength and the meteorological conditions. In addition,
the availability of OH radical and/or insolation can
also be important, as those factors can influence the
efficiency of the removal process of the VOC species
from the atmosphere (Singh and Zimmerman, 1992).

3.3 The Factors Affecting VOC Distributions
To elucidate the potential roles of different sources
controlling the behavior of the aromatic VOCs, corre-

lation analysis had been employed by several workers
(Hoque et al., 2008; Naand Kim, 2001; Brocco et al.,
1997). In this study, correlation analysis was conducted
among the concentration data of BTEX, TVOC, crite-
ria pollutants, and meteorological parameters(Table 4).
A strong positive correlation was observed between
TVOC, SO,, NO,, and CO at al the study sites. The
cases of the strongest correlation of TVOC were found
most abundantly at JR with such variables as with SO,
(r=0.85, p<0.01) or CO (r=0.817, p<0.01) or NO,
(r=0.778, p< 0.01). In accordance with our observa-
tions, Smith et al. (2001) suggested that CO and SO,
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Fig. 5. Seasonal changes in the concentrations of TVOC and individual aromatic VOC at 4 study sites.

should originate from motor vehicles aong with NO,.
The existence of strong correlations among most VOC
species(e.g., between ethylbenzene and xylene) sug-
gests that they should share the same source properties
(Baldasano et al., 1998; Wang et al., 1993). The resullts
also indicate that most meteorological parameters(e.g.,
wind speed, relative humidity, and air temperature) do
not exhibit strong correlations with the VOC concentra-
tion data. Benzene, well-known as tracer for automo-
bile exhaust, showed a good correlation (p< 0.01, p<

0.05) with other VOCs and criteria pollutants at JR,
GJ, and GS. However, no such correlation was evident
a YJ(Hoque et al., 2008; Hong et al., 2006; Rudd,

1995; Chan et al., 1991). The lack of correlation bet-
ween benzene and other VOC species in the YJ site
suggests that the sources of VOCsin Y J are more com-
plicated in Seoul relative to the other study areas.

3.4 Comparison of BTEX Levels in Seoul
with Previous Studies

To learn more about the spatial variability or VOC,
the average concentrations of BTEX in the four urban
locations in Seoul can be evaluated in relation with
those measured previously in other urban areas (Ngu-
yen et al., 2009; Wang and Zhao, 2008; Khaoder, 2007;
Leeet al., 2002; Na and Kim, 2001; Gee and Sollars,
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Table 4. Results of correlation analysis between BTEX compounds, criteria pollutants, and meteorological parameters at four
urban locations in Seoul.

B T EB MPX OX TVOC SO, NO, CO (0 T RH WS
(@) Jong Ro
B 1
T 0.611* 1
EB 0.535* 0.816** 1
MPX 053 0.787**  0.985** 1
OX 0.607*  0.807** 0.977** 0.994** 1
TVOC 0.65* 0.979** 0.908** 0.899** 0.913** 1
SO, 0.584*  0.845** 0.715** 0.778** 0.795** (0.852** 1
NO, 0.467 0.686** 0.844** 0.892** 0.881** 0.778** 0.822** 1
(60] 0587  0.733** 0.859** 0.909** 0.921** 0.817** 0.862** 0.958** 1
(0 -0.182 0054 -0.058 —0.093 0036 -0.018 -0.007 -0.149 -0.176 1
Temp —-0.237 -0.021 0.136 0.182 0.172 -0.006 0.071 0.238 0217 0432 1
RH -0437 -0367 -0375 -0393 -0394 -0416 -0319 -0293 -0255 -—0.152 0.369 1
WS -0366 -0204 -0427 -056* -0469 -0.311 -0382 -056* —0.618** 0.636** —0.128 —-0.099 1
(b) Gwang Jin
B 1
T 0.83** 1
EB 0.72**  0.927** 1
MPX  0.767** 0.929** 0.921** 1
OX 0.723*  0.89**  0918** 0.99** 1
TVOC 0.838** 0.997** 0.948** 0.947** 0.914** 1
SO, 0.537* 0483 0497 0.504 0471 0.521* 1
NO, 0.511 0.543¢  0.62* 0.626*  0.796** 0.573*  0.772** 1
(60] 0.396 0505+  0.641* 0.614* 0707 0544 0565  0.754** 1
Os 0.009 -0.079 0.232 0.243 0134 -0061 -0119 -0.33 0.035 1
Temp -0.12 0.043 0.251 0.208 0.269 0.065 -0.22 0.016 0.42 0.602** 1
RH -0239 -022 -009 -0207 -0191 -0.217 -0511* -0.342 0.19 0.199 0.593** 1
WS 0.043 -0.08 0.042 0061 -013 -0106 -0.035 -0.277 -0382 0567 O -0281 1
(c) Gang Seo
B 1
T 0.808** 1
EB 0.677**  0.807** 1
MPX 0.647* 0.772**  0.965** 1
OX 0.704*  0.708*  0.954**  (.995** 1
TVOC 0.832** 0.975** 0.908** 0.889** 0.847** 1
SO, 0.622* 0453 0.501* 047 0.335 0.521* 1
NO, 0.718** 0517+ 0597** 0.624* 0.55 0.615%*  0.774** 1
(60] 0.406 0.291 0.23 0.231 0.291 0.322 0.29 0.575% 1
(0 -0301 -0384 -028 -0188 —-0.039 -0.369 0155 -0325 -—0.513* 1
Temp —-0247 -0.212 0.092 0.31 0144 -0.129 0.023 0.022 -0511* 0.358 1
RH -0308 —0.006 0.149 0123 -018 -0.004 -0421 -036 —-039 -0.109 0.468 1
WS  -0638** —0.447 -0378 -0401 -0392 -0.469* —0.248 —0.633** —0.609** 0.736** 0.252 0292 1
(d) Yang Jae
B 1
T 0.566 1
EB 0.596 0.907** 1
MPX  0.347 0.965**  0.984** 1
OX 0.827 0.987** 0.995** (0.989** 1
TVOC 0.640*  0.989** 0.960** 0.969** 0.988** 1
SO, 0.448 0.417 0.873** 0.861** 0.906*  0.465 1
NO, 0.520 0.500*  0.703*  0.599 0.646 0.553*  0.654** 1
(60] 0.596*  0.516* 0.619* 0.52 0.49 0.560*  0.738**  0.902** 1
(0 -0391 -0074 -0.03 0.375 0487 -0.14 0111 -0392 -0.374 1
Temp —0.366 0.092 0.362 0.464 0.757 0.037 0.002 0.189 -0.06 0.488* 1
RH -0543 -0344 -0421 -0.272 0318 -0422 -0506* —-0379 -0466 0.116 041 1
WS -0113 0079 -02 -0101 -0.341 0044 -0185 —-0559* —-0431 0431 -0152 -023 1

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level
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Table 5. Comparison of aromatic VOCs concentrations(ppb) in air among various locations in the world.

measurement data
Benzene

Toluene
IBTEX (ppbC)

Compound
Measurement
year

Reference
Land use
Number of
Ethylbenzene
m-p, xylene
o-xylene

Country
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1998). In order to assess the relative dominance of
BTEX, their concentration data were collected from
different studies and compared in Table 5. To facilitate
this comparison, the original data for aromatic VOCs
(mainly BTEX) reported in other studies(in ppb unit)
were also bound together for the derivation of ZBTEX
(ppbC). The concentration of TBTEX measured in this
study (56.3 ppbC) was higher than that of UK (40.3
ppbC) but significantly smaller than others such as
Cairo, Thailand, Philippines, Hong Kong, and China.
The ZBTEX levels (ppbC) can aso be compared on
the basis of the land use type. The highest mixing ratio
of the ZBTEX was 1,036 ppbC in Cairo(Khoder, 2007),
while the lowest value (40.3 ppbC) was recorded in 12
citiesin UK (Derwent et al., 2000). The results of this
study are lower by afactor of 1.4 times than previous
one measured in other locations of Seoul (Na and Kim,
2001) and 6.5 times than those of Hong Kong (Lee et
al., 2002).

A comparison of the individual BTEX component
indicated that toluene levels were consistently the high-
est of all VOC in al the studies(Table 5). As shown
in Table 5, the concentration of benzene and toluene
was low compared to the previous studies conducted
in Seoul (Nguyen et al., 2009; Kim and Kim, 2002;
Na and Kim, 2001). If the toluene data are compared
with those seen in the other Asian cities, our values
appear to be most comparable to that of China(5.80
ppb) (Wang and Zhao, 2008). However, our data are
lower by 1-9 times than those measured previously in
Seoul (Nguyen et al., 2009; Kim and Kim, 2002; Na
and Kim, 2001) as well as other Asian cities like Hong
Kong (Lee et al., 2002) and Thailand/Philippines(Gee
and Sollars, 1998). The concentration level of toluene
in the present study (5.39 ppb) is however still much
higher than that of UK (2.12 ppb, Derwent et al., 2000)
but was lower than that reported from Sao Paulo (7.46
ppb, Gee and Sollars, 1998) and Greater Cairo (56.8
ppb, Khoder, 2007). It is also interesting to note that
benzene levels were lower by 1.4-2.8 times than those
measured previously in Seoul (Nguyen et al., 2009;
Kim and Kim, 2002; Na and Kim, 2001). Our findings
of generally reduced BTEX levels relative to previous
studies in Seoul may reflect the effect of the stringent
regulations enforced by the Korean government, e.g.,
less than 2% of benzene in gasoline fuel (Na et al.,
2002).

3.5 VOC Pollution and Human Exposure

As the major components of aromatics, BTEX are
well known for toxic and carcinogenic health effects.
The concentration data of BTEX measured in this
study were compared with those set by current regula-
tions, advisories, and guidelines, as recommended in a
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Table 6. Regulations and guidelines for volatile organic compounds by international and national agencies.

Regulations and guidelines?(ppm)

Inhalation MRL

REL PEL
Compound AQG Acute Chronic TLV STEL (10-hTWA)  (8-h TWA) IDLH
WHO ATSDR ATSDR ACGIH ACGIH NIOSH NIOSH OSHA NIOSH
B 6x10°6 0.009 0.003 0.5 25 10 0.1 1.0 500
T 10 0.08 50 150 100 200
EB 10 0.3 100 125 125¢ 100 100 800
X 2.0 0.05 100 151 151 100¢ 100 900
STY 0.016 20 0.2 20 40 100 50 100 686
MC 05 0.05 100
1,1-DCE 200 250 99 4,000
CF 0.1 0.02 50
TCE 25.12 20 100
PCE 0.2 0.04 100
1,1-DCEY 10
vVC 0.0004 0.5 1.0 1.0
1,2-DCE 10 2.0 1.0 50 50
1,1,1-TCE 20 350 450 350 350 700

aDefinitions for acronyms: AQG: air quality guideling; TLV: threshold limit values; STEL: short-term exposure limit; REL: recommended
exposure limit; PEL: permissible exposure limit; IDLH: immediately dangerous to life or health; TWA: time-weighted average, For general

industry, ¢15-minute TWA, 915-minute ceiling limit

number of reports made by the US-Agency for Toxic
Substances and Disease Registry (ATSDR) (Table 6).
Because al our measurements were made in the urban
ambient air, our data should be significantly lower than
those regulation values such as: (1) the World Health
Organization air quality guideline (WHO AQG), (2)
the threshold limit values (TLV) set by the American
Conference of Governmental Industrial Hygienists
(ACGIH), (3) the recommended exposure limits(REL)
of the National Institute for Occupational Safety and
Health (NIOSH), (4) the permissible exposure limits
(PEL) set by the Occupational Safety and Health
Administration (OSHA), and (5) immediately danger-
ousto life or headth (IDLH) value of NIOSH. It should
be more meaningful to compare with such criteria as
the national air quality standard of benzene (1.54 ppb)
in Korea, athough our benzene data measured at al
study sites were still well below such criterion. Our
benzene data are however found to be higher than the
criteria established by the WHO in which a lifetime
exposure of 1 g m=3(0.31 ppb) of carcinogenic ben-
zene can lead to about six cases of leukemia per million
inhabitants (WHO, 1999). Thus, in a city like Seoul
with a population of about 10.3 million and an average
benzene level of 1.85ug m~3(0.57 ppb), one may ex-
pect about 114 cases of leukemiain the city. It is thus
necessary to apply pollution control measures on VOC
emission in the city by considering the toxic health
effects caused due to benzene.

4. CONCLUSIONS

To assess the level of VOC pollution in Seoul, sam-
ples were collected for VOC analysis for 3 consecutive
days per month basis from February 2009 to July 20009.
In this study, a total of 20 VOCs (11 aromatic and 9
chlorinated species) were measured at the 4 urban
residential locationsin Seoul, Korea. The TVOC con-
centration was recorded to be the highest at JR (72.2
ppbC) and lowest at Y J(33.4 ppbC). Among the BTEX
components, toluene consistently showed the maximum
at al the sites with the highest mean value at JR (7.04
ppb), while the lowest value was found from 1,2-dic-
hlorethane at GJ(0.03 ppb).

If the temporal variation is examined using the TVOC
and individual BTEX data, the results showed large
similarities with the maximum concentration typically
occurring on the Julian days 95-97 at all the sites.
Examination of the seasonal data sets indicated that
TVOC concentration generally peaked during spring
at JR, GJ, and YJ site, whereas those in the GS site
peaked during winters. The concentration of toluene
tended to peak during spring at JR, GJ, and YJ site,
whereas winter time peak was noticed in the GS site.
In contrast, benzene generally recorded maximum con-
centration during winter at all the sites. The results of
correlation analysis at JR, GJ, and GS site indicated
strongly correlated cases of benzene with TVOC and
other VOCs, while it showed strong correlation with



TVOCat YJ.

If a comparison of the VOC datais made mainly in
terms of BTEX levels between different studies, the
emissions due to automobile exhaust and evaporative
losses appeared to be the main cause for the high con-
centration of VOCs in certain countries. The results
of the present study suggest that vehicular emissions
should have contributed to the VOC pollution at al
the study sites. Considering the importance of VOC
pollution in the urban environment, much more elab-
orated efforts are needed to place limits on VOC distri-
bution, particularly aromatic hydrocarbons among the
hazardous air pollutants.
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