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a  b  s  t  r  a  c  t

Polychlorinated  biphenyl  (PCB)  contents  were  analyzed  in samples  collected  from  facilities  related  to
PCB-containing  products  or wastes  in South  Korea.  Average  concentrations  of  the  atmospheric  �209 PCBs
were  7420  (37.0–104,048)  pg  m−3 and  16.8  (ND–34.2)  fg WHO-TEQ  m−3 in  indoor  air  samples;  and  1670
(106–13,382)  pg  m−3 and  5.64 (ND–36.0)  fg  WHO-TEQ  m−3 in  outdoor  air  samples.  The  highest  levels  were
observed  in  indoor  air  samples  from  disposal  facilities  (7336–104,048  pg  m−3), followed  by  production
(330–25,057  pg  m−3), recycling,  and  storage  facilities,  indicating  that  PCB emissions  from  PCB-containing
products  and  wastes  remains  very  high  and  the facilities  related  with  those  may  be  an  important  source
nventory
mission factor
outh Korea

to  atmospheric  PCBs.  Principal  component  analysis  of PCB  profiles  showed  that  the  homologue  patterns
of PCBs  in  outdoor  and  indoor  air  samples  collected  from  the  facilities  were  similar  to  those  of  boundary
air  samples  and  PCB  commercial  products,  e.g.  Aroclor  1016,  1221,  1232  and  1242.  Evaluation  of  the  PCB
mass  balance  in  a  facility,  dismantling  and  solvent-washing  PCB-contaminated  transformers,  showed
that of  the  total  PCBs  treated  in  this  facility,  approximately  0.0022%  was  emitted  to the  atmosphere,  and
most was  transferred  to  waste  oil for  disposal  by  incineration  or chemical  methods.
. Introduction

Polychlorinated biphenyls (PCBs) are classified and regulated
s one of the 12 persistent organic pollutants (POPs) under the
tockholm Convention on POPs [1].  The sources of PCBs can be
ivided into two major categories: intentional chemicals produced

n the chemical industries, and unintentionally de novo synthesized
y-products during thermal processes [2,3]. The production and
onsumption of global PCBs for industrial purposes are relatively
ell established. PCBs were mostly produced commercially from

929 to the early 1970s. During this period, total global production
f PCBs was estimated approximately 1.3 million tons [4].  The com-

ercial PCBs are known by a variety of trade names, such as Aroclor

USA, UK), Kanechlor (Japan), Sovol (Russia), Chlophen (Germany,
oland), and Phenoclor (France) [5,6].
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In South Korea, industrial PCB mixtures have never been pro-
duced and their use in electronic equipments has been banned since
1979, and their import and use was completely banned in 1996. Kim
et al. [7] reported that the ambient air in Korea was more influenced
by combustion processes than that in Japan and also the contribu-
tion of PCB commercial products was relatively small. PCB levels in
iron and steel complexes in South Korea have been reported to be
higher than those in residential areas, indicating that iron and steel
complexes are probably an important source of PCBs [8].  However,
the emission of PCBs caused by de novo synthesis is not believed
to contribute significantly to the global historical PCB mass balance
[9]. The relative importance of atmospheric emissions from various
source categories is not well known with considerable uncertainty
[10]. Jamshidi et al. [11] reported that the principal contemporary
source of PCBs in UK conurbation was ventilation of indoor air and
not volatilization from soil.

According to the Korean Law, wastes that contain PCBs
(>0.0001 mg  kg−1 in solids or >0.01 mg  kg−1 in liquids) are con-
sidered as “PCB-containing wastes” which must be treated by
specialized methods [12]. Recycling of PCB-containing wastes only

limits for wastes which contain less than 2 mg kg−1 PCBs. In 2007,
the amount of PCB-containing wastes generated in South Korea
that were contaminated with >2 mg  kg−1 PCBs was 2543 tons [13].
Therefore, the emission of PCBs from PCB-containing products and

dx.doi.org/10.1016/j.jhazmat.2011.09.030
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. PCB levels in air samples collected using HVAS from facilities related to PCB-containing products or wastes. Cross bars are mean values and vertical represent maximum
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astes remains very high, even 30 years after PCB production
eased. Emission inventories are essential for identifying, evalu-
ting, and prioritizing sensible control strategies on a regional or a
lobal scale [1,14].  Also, to understand and predict the long range
ransport features and environmental fates of these substances,
uantitative information on their atmospheric releases is deemed
ssential [15,16]. Hosomi et al. have estimated volatilization of
CBs from PCB-containing ballast in a fluorescent lamp [17]. How-
ver, few studies have investigated PCB contamination in facilities
elated to PCB-containing products and wastes rather than unin-
entional sources such as incinerators; no such evaluation has been
erformed in South Korea.

In this study, we investigated atmospheric levels and distribu-
ion of PCBs in facilities related to PCB-containing products and
astes. These facilities include production, in-use, recycling, stor-

ge and disposal facilities across South Korea. We  also evaluated
CB emission factors and the mass balance in a PCB disposal facility.
he emission of PCBs caused by de novo synthesis was  not consid-
red in this study. This is the first study to investigate PCB emissions
rom facilities related to PCB-containing products and wastes in
outh Korea, providing valuable data in planning for comprehen-
ive management and final elimination of PCB-containing products
nd wastes.

. Experiment and method

.1. Sampling

Air samples were collected from 44 sites (9 production, 8 in-
se, 14 storage, 10 recycling, 1 disposal, and 2 boundary) related
o PCB-containing products or wastes across South Korea from
ctober 2007 to July 2008 (Fig. S1).  The specific information of

ampling was shown in the Table S1.  Samples were collected
sing high volume air sampling (HVAS, DHA-1000S, SIBATA). A
lass fiber filter (GFF) and two consecutive polyurethane foam
lugs (PUF) were used to collect airborne particles and vapor-
hase PCBs, respectively. Before sampling, the GFFs were baked
t 450 ◦C for 12 h, and the PUF disks were Soxhlet extracted

or 16 h with acetone, then for 16 h with dichloromethane, then
ried in a desiccator under vacuum for 24 h. A total of 20 out-
oor air samples and 39 indoor air samples were collected for
4 h and at a flow rate of 700 L/min. It is important to note that
room sizes of a few in-use facilities were smaller than collected
air volumes (1000 m3). Therefore, PCB concentrations could be
underestimated by dilution effects in those small facilities. Out-
door air samples were collected within 5 m from the facilities (or
rooms). Boundary PCB concentrations were measured at sites sit-
uated at the boundaries (500–800 m)  of facilities. An additional
89 bottom samples were collected at the 37 facilities by wip-
ing floor dust with hexane rinsed glass wool. At each site, 1–3
bottom samples were collected according to its facility size. For
mass balance case study, several final product samples, such as
copper, silicon steel plate, waste paper, waste oil etc., were col-
lected from a dismantling and cleaning facility of PCB-containing
wastes.

2.2. Analytical methods

In the laboratory, samples were treated, extracted and analyzed
according to the methods established at the US EPA’s method 1668A
[18]. Briefly, the samples were spiked with the internal standard
containing 27 13C-labled PCB congeners (1, 3, 4, 15, 19, 37, 54,
77, 81, 104, 105, 114, 118, 123, 126, 155, 156, 157, 167, 169, 188,
189, 202, 205, 206, 208, and 209) (Wellington, 1668-LCS), then
Soxhlet-extracted for 24 h using toluene. The extracts were then
washed with concentrated H2SO4 followed by hexane-saturated
H2O. Sample cleanup was  performed using multi-layer silica and
florisil columns. The eluent was  reduced to 0.5 mL by rotary evap-
oration and a gentle stream of N2 gas. Finally, the extracts were
transferred to GC vials, and 13C-labled PCBs (9, 28, 52, 101, 111,
138, 178, and 194) were added as recovery standards. PCB con-
tents were analyzed using an Agilent Hewlett-Packard 6890 gas
chromatograph/Jeol JMS-700T high resolution mass spectrometer
(GC/HRMS) with a DB-5MS column (J&W Scientific, 60 m length,
0.25 mm ID, 0.25 �m film thickness). The instrument was operated
using He as the carrier gas with a constant flow of 1 mL  min−1.
The temperature program of the GC oven was as follows: the
temperature was held at the initial value of 110 ◦C for 2 min,
then raised at 40–200 ◦C min−1 and held for 3 min, then raised at
2–230 ◦C min−1, then raised at 7–300 ◦C min−1 and held for 7 min.

1 �L sample was  injected at a temperature of between 280 and
300 ◦C for the analysis of PCB contents. The GC/HRMS was operated
under positive EI conditions (38 eV) with a resolution of 10,000.
Data were obtained in the selected ion monitoring (SIM) mode.
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Fig. 2. PCB levels in bottom samples. Cross bars are mean valu

eak assignment was conducted to quantify 209 PCB congeners,
ut typically only 120 PCB congeners were detected. Bottom sam-
les were analyzed using a GC with an electron capture detector
HP 6890, Agilent) following the Korean waste official method
19].

.3. Quality assurance/quality control

Several steps were taken to obtain data that would allow an
ssessment of the accuracy and reliability of the data. Analytical
lanks were included at a rate of one per 10 samples. All data have
een blank corrected. The average recoveries of 27 13C-labled PCB
ongeners ranged from 25 to 93% (Table S2),  which satisfied the cri-
eria (25–150%) recommended by US EPA method 1668A. Recovery
tatistics are given in Table S6.  The method detection limit was  cal-
ulated as 3 times the standard deviation of seven blank replicate

amples (Table S3).  The criteria for the quantification of analytes
ere as follows: retention time within 2 s of that of the standard,

sotope ratio within 20% of that of the standard, and signal-to-noise
atio ≥3.

able 1
CB levels (�209 PCBs) in indoor and outdoor air samples from different sites using HVAS

Site type Sample type Mean PCB

(pg/m3) 

Boundary Outdoor (n = 2) 153 (146–
Production Indoor (n = 9) 8722 (330
In  use (indoor) Indoor (n = 5) 788 (37–2
In  use (indoor) Outdoor (n = 3) 815 (199–
In  use (outdoor) Outdoor (n = 3) 1017(671
Storage (indoor) Indoor (n = 11) 1469 (353
Storage (indoor) Outdoor (n = 9) 790 (106–
Storage (outdoor) Outdoor (n = 1) 2539 (253
Recycling Indoor (n = 10) 5731 (160
Recycling Outdoor (n = 1) 1667 (166
Disposal Indoor (n = 4) 33,692 (7
Disposal Outdoor (n = 2) 8257 (313
Background Outdoor 180–280 

Industrial 2080–582
Residential 240–28,0
In  use condenser (containing PCBs) Indoor 26,000–1
Industrial area Outdoor (n = 3) 

Urban  area Outdoor (n = 3) 

Background Outdoor 
d vertical represent maximum and minimum concentrations.

3. Results and discussion

3.1. PCB levels

Detected levels of PCBs were generally lower in outdoor air
samples than in indoor air samples, although the range was very
large (Table 1, Fig. 1). The mean PCB concentration (�209 PCBs)
in outdoor air samples was  1670 pg m−3 (5.64 fg WHO-TEQ m−3)
and ranged from 106 pg m−3 at a PCB-containing waste storage
site to 13,400 pg m−3 at a PCB disposal (dismantling and cleaning)
facility. These PCB concentrations in outdoor air samples were con-
sistent with the PCB levels in the ambient air of South Korea in
a previous study [7] and comparable with those in global urban
sites (mean: 1700 pg m−3) [20]. The mean PCB concentrations of
indoor air samples were 7420 pg m−3 (16.8 fg WHO-TEQ m−3) and
ranged from 37 pg m−3 at an indoor transformer site (contain-
ing 46.6 tons of transformer oil contaminated with 0.15 mg  kg−1

PCBs) to 104,048 pg m−3 at a PCB disposal facility. PCB levels in

both indoor and outdoor air samples were highest at the disposal
facility followed by the production facility, the recycling facil-
ity, the storage site and the in-use site. The high concentration
at the PCB disposal facility might be due to the volatilization of

.

 concentration References

(fg WHO-TEQ m−3)

161) 1.44 (0.029–2.85) This study
–25,057) 11.50 (0.073–31.0) This study
273) 4.79 (0.157–12.3) This study
1159) 8.20 (ND–24.6) This study
–1561) 8.76 (ND–14.9) This study
–5404) 0.72 (ND–3.74) This study
2527) 6.81 (ND–36.0) This study
9–2539) 0.033 This study
–17,710) 6.05 (0.018–41.3) This study
7–1667) ND This study

336–104,048) 114 (ND–342) This study
1–13,382) 2.31 (1.70–2.91) This study

Kim et al. [7]
0

00
10,000 Hosomi [17]

21–27 Martínez et al. [29]
19–46
0.6 (1–1.9) Menichini et al. [30]
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ore-volatile PCB congeners during transformer dismantling and
olvent washing. PCB levels were also investigated in 89 bottom
amples collected from 36 facilities (Fig. 2). PCBs were detected in
bout 80% of bottom samples. PCB concentrations ranged from ND
o 342 ng cm−2 and the highest level was found in samples from

 transformer oil production site (ND–342 ng cm−2), followed by a
isposal facility (4–152 ng cm−2).

PCB concentrations of 26,000–110,000 pg m−3 have been
bserved in the indoor air of an office where fluorescent lamps with
CB-containing ballast had been used [17]; the PCB volatilization
ates from this ballast were temperature-dependent and the PCB
omposition of the emission gas was similar to that observed in the
allast samples collected. Our samples were not collected to quan-
ify the effect of temperature on PCB levels in indoor air samples;
owever, the highest PCB concentrations were observed in samples
ollected in a disposal facility during summer (104,000 pg m−3 in
uly vs. 7340 pg m−3 in October), followed by a production facility
25,100 pg m−3). In a major UK conurbation, the principal contem-
orary source of PCBs has been reported to be not the volatilization
rom soil but the ventilation of indoor air; existing structures, espe-
ially older buildings in which PCBs had been used in the past, were
he major source of PCBs in outdoor air [11]. Generally, urban areas
re more polluted by PCBs than rural areas [21]. Based on our data
nd previous studies, it seems that PCBs volatilized from the PCB-
ontaining products or wastes are important sources of PCBs in the
mbient air in South Korea. Future reductions in PCB concentra-
ions in the outdoor air and ultimately in human exposure may  be
est achieved by actions to these remaining sources of PCBs from
CB-containing products and wastes.

In our air samples, the average contribution of gas phase PCBs
o total PCBs was about 96%, which was consistent with the previ-
us study of 24 PCB congeners in South Korea [22]. Gas-particle
artitioning of PCBs in air samples from each type of facilities
elated to PCB-containing products or wastes showed similar pat-
erns (Fig. S5). Gas phase contribution to total PCBs decreased from
9 (mono-CBs) to 24% (deca-CB) in indoor air samples, and from 92
mono-CBs) to 22% (deca-CB) in outdoor air samples (Fig. S6). These
esults suggest that PCBs in the air exist predominantly in the gas
hase and that the contribution of PCB congeners to the gas phase
ecreases as congeners become more-highly chlorinated (i.e., less
olatile).

.2. Homologue patterns

The homologue patterns of PCBs in air samples were similar at
ll sampling sites (Fig. S2).  In all air samples, the dominant PCB
omologues found were low chlorinated PCBs such as mono-, di-
nd tri-PCBs which accounted for about 14%, 35%, and 33% of total
CBs in indoor air samples and about 15%, 41%, and 30% of total
CBs in outdoor air samples, on average, respectively (Fig. S3).

Many sources of PCBs can influence atmospheric PCB levels,
ncluding incinerators, industrial thermal processes, and PCB-
ontaining products and wastes [23]; homologue patterns can
rovide clues to where and how these substances originated [24].
CBs in the outdoor air in this study were apparently influenced by
he indoor air PCBs due to the higher levels of PCBs in the indoor
nvironment. For further source identification, principal compo-
ent analysis (PCA) of the data was conducted using SPSS 12.0
oftware (SPSS, Inc.) and homologue patterns of air samples from
his study were compared to those of commercial mixtures of Aro-
lor 1016, 1221, 1232, 1242, 1248, 1254, 1260, 1262 and 1268 from
ther studies [6,25].  Total concentrations of each homologue PCBs

i.e. 1 Cl, 2 Cls, . . .,  10 Cls) were used for PCA analysis. PCB data were
ormalized by dividing by the total PCB concentrations for each
ample, producing data ranging from 0 to 1. Finally, these normal-
zed PCB compositions were used as input data for PCA. As a result,
Materials 196 (2011) 295– 301

PC1 and PC2 accounted for 60% of the total variance (Fig. 3). In
the loading plot, the variables are well grouped by the number of
chlorine. The homologue patterns of PCBs in air samples from var-
ious sites in this study were similar to commercial mixtures such
as Aroclor 1016, 1221, 1232, and 1242, suggesting that the homo-
logue patterns of many air samples were simultaneously influenced
by these commercial mixtures. It is consistent with another previ-
ous study that the homologue patterns of PCBs found in sediments
in South Korea indicated that their sources were commercial mix-
tures such as Aroclor 1016, 1242, 1254, and 1260 or corresponding
Kanechlor products [26].

PCA was also used to compare homologue patterns of air sam-
ples in this study to those of ambient soil [27], incineration flue gas,
and cement plant flue gas samples from other researches [6,28].
As a result, PC1 and PC2 accounted for 90% of the total variance
(Fig. 4). The homologue patterns of PCBs in our air samples from
various sites in South Korea were different from those of ambi-
ent soil, incineration flue gas, and cement plant flue gas samples,
suggesting that there are other significant sources. However, all our
air samples including boundary air samples had similar homologue
patterns with the general ambient air samples (Korea, n = 15; Japan,
n = 11) [7],  indoor air samples from a disposal facility (Japan, n = 5),
and indoor air samples of a room where PCB-containing sealant was
used (Japan, n = 3) [6] (Fig. S4). Kim et al. [7] reported that the PCB
levels in the ambient air of South Korea were more influenced by
combustion processes than that in Japan, and also that the contri-
bution of commercial PCB products was relatively small. However,
our results strongly suggest that the ambient air in South Korea
is contaminated by mixtures of commercial Aroclor products with
various chlorine contents, particularly lowly chlorinated mixtures.

3.3. A case study of PCB mass balance

To evaluate the PCB mass balance, a PCB disposal facility was
selected, where PCBs in the indoor air showed the highest level. A
series of air, bottom, and final product samples were collected from
each process of dismantling and cleaning. This facility mainly treats
waste transformers which contain PCB-contaminated transformer
oil (>2 mg  kg−1). The main processes are removal of transformer
oil, dismantling of outer transformer cases, first extraction with
toluene, dismantling of transformer inner assemblies, and second
extraction with toluene. The final products are recycled (metals)
or passed on for further disposal (waste oil). The mean PCB con-
centrations were measured as 14,560 pg m−3 in indoor air samples
and 8130 pg m−3 in outdoor air samples (Fig. 5). Since all PCB sam-
pling was conducted only in autumn season, no seasonal variation
of PCBs in outdoor air was  reflected. This is one of the limitations in
the present study. Limited field monitoring data need further study
in the future.

If the concentrations of PCBs in the indoor air are relatively con-
stant over the operation period, air PCB equilibrium between indoor
and outdoor air can be described by the following Eq. (1):

V
dC1
dt

= EaQ − VR (C1 − C0) = 0 (1)

and the PCB air emission factor Ea in this facility can be calculated
using Eq. (2),

Ea = (C1 − C0)VR

Q
(2)

where V is the volume of the room (m3), C1 is the concentration of
PCBs in the indoor air (ng m−3), C0 is the concentration of PCBs

in the outdoor air (ng m−3), t is time, Q is the quantity of PCBs
treated in the facility, and R is the natural air exchange rate at
which outdoor air replaces the whole indoor air. Generally, nat-
ural air exchange rate of the concrete building is 7–24 day−1 [17],
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Fig. 3. Comparison of homologue patterns of air samples from this study with commercial mixtures of PCBs.

Fig. 4. Comparison of homologue patterns of air samples from this study with samples from other sources.
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Fig. 5. PCB mass balance in a PCB disposal facility.

hich was used in this study. Using the data observed in this facility
Table S4), Ea was estimated to be 9.8 × 10−4 to 3.4 × 10−3 g-PCB g-
CB−1 yr−1. This value is comparable or slightly higher than that
eported in a previous study [4];  Ea ranged from 1.58 × 10−5 to
.56 × 10−2 g-PCB g-PCB−1 yr−1 for open in-use and storage sites,
nd from 3.38 × 10−9 to 5.22 × 10−4 g-PCB g-PCB−1 yr−1 for closed
n-use and storage sites [9].  In the previous study, Breivik et al.
4] has reported emission factors of only 22 PCB congeners, which
ave high uncertainties. The specific amounts of 22 congeners in the
roclor mixtures in South Korea are not available. However, direct
omparison of PCB air emission factors reported in this study with
hose above might be reasonable, because the 22 congeners were
ominant congeners of PCBs and both air emission factors had the
ame unit. The uncertainty of air emission factor calculation in this
tudy mainly comes from natural air exchange rate, variation of PCB
oncentrations in indoor and outdoor air samples, temperature etc.

PCB bottom emission factor Eb in this facility can be calculated
sing Eq. (3):

b = CbA

Q
(3)

here Cb is the average concentration of PCBs in bottom samples,
nd A is the area of the facility. Using the data measured in this
acility, Eb was estimated for bottom samples to be 3.0 × 10−4 g-
CB g-PCB−1 yr−1.

The PCB mass balance in this disposal facility was calculated
Fig. 5). There are major uncertainties, like Breivik et al. [9],  which

ainly come from natural air exchange rate, variation of PCB con-
entrations in air samples and temperature etc. Of the total PCBs
isposed in this facility, approximately 0.0022% was emitted to the
tmosphere and 0.03% was deposited to the indoor bottom as dust
articles or transformer oil leakage. Meanwhile, most PCBs (98.7%)
ere transferred as waste transformer oil for later disposal by incin-

ration or chemical treatment. If this facility were to operate at
ts maximum capacity of 100 tons/week, the estimated maximum

209 PCB emission to the air would be 13 g/yr. This is much smaller
han the previous estimation, where estimated PCB emissions to
ir in South Korea was 199 kg (for 22 PCB congeners, mid  scenario,
aximum is hundreds-fold of minimum scenario) in the refer-

nce year 2008 [4]. Although the production, import and use of
CBs have been banned in South Korea since 1999, however, the
mounts of in-use PCB-containing products are still huge. In South
orea, the amount of PCB-containing waste, which is contaminated
ith >2 mg  kg−1 PCBs, was 2543 tons in 2007 [13]. Therefore, atmo-

pheric emission of PCBs from PCB-containing products and wastes
till can be a significant source for some period by the time of their
omplete elimination.
. Conclusion

In this study, we investigated PCBs from various types of facil-
ties and calculated the PCB mass balance in a facility related to

[

[

Materials 196 (2011) 295– 301

PCB-containing products and wastes in South Korea. The total PCB
concentrations ranged from 37.0 to 104,048 pg m−3 in indoor air
samples and from 106 to 13,382 pg m−3 in outdoor air samples. The
homologue patterns of PCBs in outdoor and indoor air samples col-
lected from various facilities were similar to those of boundary air
samples and the PCB commercial mixtures of Aroclor 1016, 1221,
1232 and 1242. These results suggest that PCB emissions during the
production, recycling, in-use and disposal of PCB-containing prod-
ucts and wastes can be an important source of atmospheric PCBs.
Therefore, it provides valuable data in planning for comprehensive
management and final elimination of PCB-containing products and
wastes.
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