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Abstract

In the present study, individual PCB congeners were determined in the flue gases of 10 industrial and 5 municipal solid waste incinerators
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sing HRGC/HRMS. The total PCBs concentration of all congeners (168 tetra to deca-chlorinated congeners) ranged from 26 to 343 ng/Nm3,
nd from 36 to 1095 ng/Nm3 in industrial waste incinerators (IWI) and municipal solid waste incinerators (MSWI), respectively. The total TEQ
oncentrations of PCBs, calculated using WHO-TEF values, varied from 0.001 to 0.55 ng-TEQ/Nm3 and from 0.001 to 8.29 ng-TEQ/Nm3 in the
ndustrial waste incinerators and municipal solid waste incinerators, respectively. In all samples, the contribution of PCB 126 to total TEQ of PCBs
as higher than 87%. The homologue pattern of PCBs in the incinerator flue gas samples was generally dominated by tetra- and penta-CBs. The
istribution of other homologues was less than 15% in most of the incinerators. The fraction of co-PCBs against to total PCBs ranged from 1% to
9% and from 2% to 31% in IWI and MSWI flue gas samples. Results of the present study reveal that the presence of non-ortho PCB congeners
n the flue gas originated form the combustion process.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The major environmental sources of polychlorinated
iphenyls (PCBs) to the air are from (i) volatilization from com-
ercial PCB formulations and (ii) emission from combustion

rocesses [1]. Today solid waste management is a challeng-
ng problem in developing countries, due to insufficient land
o dump solid waste, and to the contamination of land by leach-
ng. Difficulties arise in the separation of waste materials prior
o landfill also presents a problem to waste management. Rapid
nd multi fold industrial growth also results in an increase in
he volume of industrial wastes, which causes a problem for
isposal. Hence, many countries choose incineration to dispose
olid waste. In Korea, the incineration ratio of municipal waste
nd specific waste (a harmful waste as like waste oil, waste

∗ Corresponding author. Tel.: +82 63 270 2448; fax: +82 63 270 2449.
E-mail address: skysil99@empal.com (K.-S. Kim).

acid/alkali, waste asbestos, ash, etc.) was 14.5% and 16.7% in
2003, respectively [2]. The present capacity of available landfill
is about 15 years from now (nationwide average). Consequently,
the option of incineration will have to be utilized significantly
more in the future.

During incineration waste material is burned at high temper-
atures and converted into ash, unburned solids, carbon dioxide,
oxygen, oxides of nitrogen, sulfur dioxide, ammonia and water
[3]. A major concern regarding the operation of incinerators is
the problem of air pollution. Although the major air pollutants,
such as fly ash, and acidic gases, are removed by bag filters or
scrubbers, the complete removal of all micro level toxic gaseous
pollutants, such as dioxins and dioxin-like PCBs, is not achieved.
A remarkably high concentration of PCBs in the flue gas of
municipal solid waste incinerators and industrial waste incin-
erators, after conventional air pollution control measures, was
reported in both Japan and Korea [4,5,6]. Incineration-pyrolysis
is also used for the destruction of PCB compounds at higher
temperatures. The pyroplasma system uses a plasma torch to
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induce temperatures up to 15,000 ◦C and pyrolyse the organic
liquid. The resultant products are carbon mono-oxide, nitrogen,
hydrogen and some low molecular-weight-hydrocarbons [7]. In
Japan, 5300 tonnes of waste liquid PCBs, namely, Kanechlors,
were thermally destroyed in 1988 [8]. The incinerator fly ash was
studied to ascertain whether dioxins and PCBs were destroyed
or dechlorinated in an oxygen deficient condition between 340
and 380 ◦C [9,10]. Hence, the incineration process has potential
to both produce and destroy PCBs. In Korea, the production and
use of PCBs were banned in 1996, and commercial products
(transformer and electric capacitor) of PCBs have been con-
signed and treated in countries abroad. At present, the treatment
of PCB waste using incineration is prohibited.

The polychlorinated biphenyls are a class of 209 chem-
ical compounds having the formula C12H10−nCln, where
n = 1 − 10; i.e monochlorobiphenyl (1CB) though decachloro-
biphenyl (10CB). Among the PCB congeners, only 20 can
attain lack of substitution in the ortho-position, which leads to
coplanar configuration. The coplanar PCBs (non- and mono-
ortho-substituted) have a high toxicity, similar to that of poly-
chlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs). Hence, these compounds are referred
to as ‘dioxin-like PCBs’ [11]. Generally, the PCB toxicity is
expressed as toxic equivalents (TEQ), the TEQ was calcu-
lated using World Health Organization (WHO)—Toxic equiva-
lency factor (TEF). In present, 12 coplanar PCB congeners are
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and the concentration of individual PCBs was corrected by an
oxygen compensation factor according to the following formula
[4]. In Korea, all data are compensated by 12% oxygen concen-
tration because of the difference of oxygen concentration in flue
gas as incinerators. Particle phase was collected using a thim-
ble filter and the gas phase was collected using gas adsorbent
(XAD-2) and diethylene glycol [5]. The particle and gas phase
were combined and analyzed.

PCB concentration (ng/Nm3)

×
[

21 − 12

21 − measured oxygen concentration

]

2.2. Extraction, purification and analysis

Sample extraction and purification methods were performed
according to the US EPA Method 1613 [12] and 1668 [13]. The
dust filter was digested with 2 M HCl before Soxhlet extraction
with toluene. Diethylene glycol, water, rinse solution and the
water phase from acid treatment of the dust filter were combined
and liquid–liquid extracted with toluene. The detailed procedure
is shown in Fig. 1. Prior to extraction, the samples were spiked
with a mixture of 13C-labeled PCB containing at least one con-
gener for each homologue group of PCBs besides dioxin-like
PCB congeners. The MBP-MXP (contain 12 PCB congeners),
M
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ssigned with a TEF.
Previously, it was thought that the major source for PCBs

n the environment was from PCB formulations, the result of a
ide usage in capacitors, transformers, dye, solvents and plas-

icizers. Hence, incineration emission has not been considered
s a main source for PCBs. Though several reports are available
or PCDD/Fs emission from incinerators, little information is
vailable on detailed congener patterns of PCBs. Presently in
orea, dioxin released from a municipal solid waste incinerator

MSWI) newly constructed after 1997 (above 50 tonnes/day),
as been regulated at 0.1 ng-TEQ/m3. However, there is no
egulation for PCBs emissions from incinerators. Only a few
eports are available on PCB emissions in the industrial waste
ncinerator (IWI) and MSWI [5,6]. Therefore, we are forced to
nvestigate IWIs and MSWIs in the country. For this purpose,
e have selected incinerators other than previously studied. In

he present investigation, we have determined PCB congeners
rom tetra-CBs to deca-CBs in 10 industrial waste incinerators
nd 5 municipal waste incinerator flue gases. The results were
ompared with previous reports on incinerator emissions and
CB formulations.

. Experimental

.1. Sample collection

All the stacks were located in various areas of South Korea.
he operating conditions are provided in Table 1. The stack
as samples were collected following Korean Standard Method
etween December 2001 and March 2002. The volume of sam-
les collected was between 3.0 and 4.0 Nm3 (about 15 L/min)
BP-MXK (contain 10 PCB congeners) and WP-LCS (contain
2 co-PCB congeners) of Wellington laboratories were used as
3C-labeled PCB internal standards. The flue gas extracts were
leaned up using a sulfuric acid-treated silica column (sulfuric
cid 44%, w/w) with 150 mL of distilled n-hexane, and fol-
owed by an activated carbon (Kanto Chemical Co.) column.
ther PCBs were collected in the 25% dichloromethane/hexane

raction (30 mL); whereas PCB-77, 81, 126, 169 congeners
nd PCDD/DFs were collected in the distilled toluene frac-
ion (250 mL). The PCBs eluate was dried into the glass insert,
dded with 25 �L of recovery standard (13C-1,2,3,4-TCDD and
3C-1,2,3,7,8,9-HxCDD). PCBs were analyzed using a high-
esolution gas chromatography (HRGC) equipped with a high-
esolution mass spectrometer (HRMS) (Agilent HP6890 and

Fig. 1. Cleanup procedure for flue gas samples.
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Table 1
Operating conditions of industrial waste incinerators and municipal solid waste incinerators

Incinerator
number

Incinerator
Type

Sampling period
(Year and month)

Capacity
(Tonnes/h)

Sampling
Volume (Nm3)

Oxygen
concentration (%)

Mode of
Operation

Furnace
temperature (◦C)

Stack gas
temperature (◦C)

Type of waste
material

Air pollution control
measuresa

IWI-1 Stocker 2001 (December) 1.600 3.3872 13.1 Continuous 919 30 General IWI MC-Scrubber
IWI-2 Stocker 2002 (January) 1.250 3.3298 15.9 Continuous – – General IWI Cyclone1-Cyclone2-

scrubber
IWI-3 Melting

furnaces
2001 (December) 0.437 3.5653 12.6 Continuous – – General IWI EP-scrubber-

adsorption
IWI-4 Downward

combustion
2001 (December) 0.450 3.7086 16.1 Batch 970 47 General IWI MC-scrubber-cyclone

IWI-5 Fluidized bed 2001 (December) 2.080 3.1361 11.5 Continuous 870 40 Wastewater
sludge

Cyclone-EP-S/C

IWI-6 Combustion
bed

2001 (December) 0.285 3.3144 15.8 Batch 850 105 Waste tire Cyclone-B/F-scrubber

IWI-7 Fixed grate
stoker

2002 (March) 0.210 3.4944 13.9 Batch – 56 Infectious
waste

Scrubber

IWI-8 Combustion
bed

2002 (March) 0.400 3.4014 13.8 Semi-
Continuous

900 46 Waste oil and
organic
solvent

Cyclone-scrubber

IWI-9 Fixed grate
stoker

2001 (December) 2.500 3.1011 13.3 Continuous 880 57 Specific IWI Cyclone-ventury
S/C-Packed
tower-rotary S/C

IWI-10 Fluidized bed 2002 (February) 2.700 3.177 10.5 Continuous 880 178 Sludge BF
MSWI-1 Traveling

grate stoker
2002 (January) 1.000 3.9528 14.8 Semi-

Continuous
890 109 MSWI Cyclone-SDA-BF

MSWI-2 Traveling
grate stoker

2002 (March) 1.500 3.6235 16.2 Continuous 872 125 MSWI SDA-BF

MSWI-3 Traveling
grate stoker

2002 (January) 2.083 3.0805 12.3 Continuous 871 145 MSWI SDA-BF

MSWI-4 Fixed grate
stoker

2002 (February) 0.650 3.1488 15.1 Semi-
Continuous

640 135 MSWI Cyclone-SDA-BF

MSWI-5 Combustion
bed

2002 (January) 1.200 3.1307 16.1 Continuous 1040 91 MSWI SDA-BF

a MC, multi cyclone; S/C, spray cooling tower; SDA, spray dryer absorber; EP, electrostatic precipitator.
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Micromass Autospec Ultima). The detected peaks were iden-
tified referring to reports [14,15,16]. The concentration of peaks
was determined by isotope dilution quantification. The average
recoveries of spiked PCBs ranged from 50% to 80%, except from
mono-CBs to tri-CBs (below 50%). Consequently, congeners of
these homologues (from mono- to tri-CBs) are not used data
analysis. Blank levels of individual PCB congeners were neg-
ligible compared to the samples and no blank correction was
performed in this study.

3. Results and discussion

3.1. PCB concentrations in flue gases

PCB concentrations in the flue gas of IWI (IWI-1 to IWI-10)
and MSWI (MSWI-1 to MSWI-5) are presented in Table 2. In
the present study the IUPAC numbering system was used for
individual PCBs [17]. The total PCB concentration in flue gas
of IWI incinerators showed a highest value of 343.47 ng/Nm3

in IWI-1 and a lowest value of 26.11 ng/Nm3 in IWI-6. Among
the MSWI, the highest value of 1095.12 ng/Nm3 is measured
in MSWI-5 and the lowest concentration of 35.81 ng/Nm3 is
measured in MSWI-1. In some Asian countries (like Korea and
Japan), the concentration of PCBs (from tetra- to deca-CBs) in
stack gas samples ranged from 16.14 to 6905 ng/Nm3 [6] and
f 3

t
t
t

0

Fig. 2. The fraction of co-PCB against t-PCB (4CB-10CB) in flue gas, PCB
commercial products and Air samples (JPN, KOR and Depo means Japan, Korea
and Deposition, repectively).

ranged from 0.006 (MSWI-3) to 8.29 ng TEQ/Nm3 (MSWI-
5). The mean TEQ concentration of fifteen incinerators was
0.69 ng TEQ/Nm3. The WHO-TEQ values in comparison with
previous studies are presented in Table 3. TEQ levels observed
in the incinerators were lower than those given in the report of
Kim et al. [4] in Japan and higher than the levels reported by
Sakai et al. [18] in Japan. However, they are comparable to the
levels reported by Chang et al. [5] in Korea. The observed con-
centrations of TEQ were higher than the report of Luthardt et
al. [19] in Germany (the individual dioxin-like PCB congener
concentrations were not reported by the author). The fraction of
co-PCB against t-PCB (4CB-10CB) was higher than the PCB
commercial products [4,20], air [21] and deposition samples
[22] as shown in Fig. 2. Soil media showed the highest values

T
C IWIs and MSWIs in Korea

Municipal solid waste incinerators (MSWIs)

IWI-7 IWI-8 IWI-9 IWI-10 MSWI-1 MSWI-2 MSWI-3 MSWI-4 MSWI-5

C

1.22 0.55 0.56 1.82 0.31 0.25 0.05 6.59 19.53
2.59 1.43 1.20 7.54 1.68 0.57 0.09 11.14 66.19
0.43 0.22 0.17 0.27 0.09 0.07 0.03 1.84 3.69
1.66 0.88 0.71 1.15 0.43 0.37 0.17 7.89 19.99
0.49 0.22 0.27 0.30 0.12 0.08 0.02 4.00 4.45
0.92 0.66 0.52 0.93 0.27 0.22 0.07 4.90 25.21
1.57 0.64 0.59 1.37 0.47 0.24 0.06 5.48 77.10
0.17
0.30
0.14
0.65
0.56

58.02
16.52

3.46
4.05
2.76
3.71
0.58

C 10.70
T 89.11
T 0.164
rom 13.91 to 7029 ng/Nm [4]. The observed total PCB (from
etra- to deca-CBs) concentration in present study is lower than
he flue gas level of incinerators reported by previous investiga-
ions [4,6].

The concentration of WHO-TEQ in the IWI ranged from
.001 (IWI-3) to 0.55 ng TEQ/Nm3 (IWI-1). In the MSWI, it

able 2
oncentration of individual PCB congeners (ng/Nm3) in the flue gas sample of

IUPAC no. Industrial waste incinerator (IWIs)

IWI-1 IWI-2 IWI-3 IWI-4 IWI-5 IWI-6

o-PCB

81 7.12 2.81 0.01 1.20 0.11 0.03
77 8.36 2.29 0.03 2.65 0.23 0.11
123 2.05 1.31 0.04 0.22 0.05 0.02
118 7.29 4.46 0.13 0.75 0.30 0.16
114 4.03 2.34 0.04 0.29 0.08 0.02
105 4.96 1.77 0.04 0.51 0.14 0.05
126 5.23 1.31 0.01 2.76 0.07 0.03
167 0.61 0.46 0.00 0.12 0.01 0.00
156 1.32 0.67 0.01 0.18 0.01 0.01
157 0.80 0.25 0.00 0.10 0.01 0.00
169 2.11 0.57 0.01 2.46 0.03 0.03
189 3.07 1.37 0.01 0.46 0.02 0.01

4CB 194.78 76.26 30.73 43.02 33.48 21.62
5CB 82.30 37.43 3.40 11.87 5.40 3.54
6CB 15.22 7.67 0.44 4.42 0.52 0.51
7CB 25.96 14.05 0.32 3.12 0.49 0.33
8CB 12.51 8.61 0.10 1.46 0.12 0.07
9CB 9.22 7.70 0.01 1.34 0.05 0.03
10CB 3.49 3.74 0.01 0.80 0.04 0.01

o-PCBs 46.95 19.62 0.34 11.69 1.04 0.49
otal PCBs 343.47 155.46 35.03 66.04 40.11 26.11
EQ PCBs 0.550 0.140 0.001 0.302 0.008 0.004
0.12 0.09 0.14 0.04 0.03 0.00 0.50 3.21
0.18 0.18 0.19 0.09 0.06 0.01 1.15 9.47
0.16 0.09 0.19 0.04 0.04 0.00 0.61 5.73
0.18 0.20 0.52 0.16 0.10 0.05 1.89 55.34
0.22 0.38 0.32 0.18 0.12 0.06 2.18 44.10

27.13 41.53 50.10 24.24 37.40 30.12 203.70 294.74
8.75 9.43 13.13 7.06 6.36 4.47 89.09 271.79
1.65 2.02 4.18 1.60 1.40 0.43 15.51 121.23
3.73 3.76 6.29 1.54 1.54 0.63 20.94 200.68
0.91 1.00 1.98 0.63 0.64 0.15 8.51 116.80
0.93 1.07 2.60 0.50 0.53 0.11 5.70 74.48
0.19 0.44 0.90 0.23 0.23 0.06 1.77 15.39

5.46 4.94 14.74 3.90 2.12 0.61 48.19 334.00
43.30 59.23 79.17 35.81 48.10 35.96 345.23 1095.12

0.067 0.062 0.143 0.049 0.025 0.006 0.573 8.291
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Table 3
Concentration of Co-PCBs (dioxin like PCBs) in the incinerator stack emissions (ng/Nm3) in comparison to the previous study

Co-PCB
congeners

(A) Sakai et al.,
2001 (n = 1)

(B) Chang et al., 1999 (n = 11) (c) Kim et al., 2004 (n = 9) (D) Present study (n = 15) WHO-TEF

Min Max Mean Min Max Mean Min Max Mean

PCB-81 0.04 0.02 33.06 3.80 0.09 44.84 7.57 0.01 35.87 4.45 0.0001
PCB-77 0.68 0.03 45.62 5.90 0.23 255.82 33.57 0.04 121.56 11.60 0.0001
PCB-123 <0.02a 0.01 10.95 1.28 0.03 14.84 3.10 0.03 6.77 1.09 0.0001
PCB-118 0.11 0.00 29.90 4.03 0.19 54.76 13.04 0.14 36.71 4.90 0.0001
PCB-114 <0.02a 0.01 14.44 1.65 0.05 15.97 3.34 0.02 8.17 1.70 0.0005
PCB-105 0.61 NR NR NR 0.11 161.51 27.45 0.05 46.31 4.54 0.0001
PCB-126 0.03 0.04 60.69 8.66 0.19 430.83 62.68 0.01 141.61 11.29 0.1
PCB-167 <0.02a 0.00 13.13 1.58 0.04 23.65 5.14 0.00 5.90 0.61 0.00001
PCB-156 0.02 0.00 32.12 4.35 0.08 72.55 14.85 0.01 17.39 1.56 0.0005
PCB-157 <0.02a 0.01 23.12 3.27 0.07 105.18 21.17 0.00 10.53 0.92 0.0005
PCB-169 <0.02a 0.03 23.26 3.43 0.17 103.33 20.22 0.01 101.65 7.65 0.01
PCB-189 <0.02a 0.01 30.76 4.43 0.15 100.46 20.51 0.01 81.00 6.23 0.0001

Sum Co-PCBs 1.49 0.16 317.05 42.38 1.40 1383.75 232.63 0.33 613.47 56.52

TEQ (ng/Nm3) 0.00 0.91 6.50 1.21

n, number of stacks investigated; NR, values not reported; A: Japan, B: Korea, C: Japan, D: present study in Korea.
a Values less than the detection limit are considered as 0 for the calculation of TEQ.

among samples, which indicates that the soil is a reservoir of
co-PCB. The main source of co-PCB entering the environment
is considered to be the incinerators.

3.2. Homologue and congener distribution in flue gases

Among dioxin-like PCBs, PCB-77 (8 samples) and PCB-118
(5 samples) showed the highest values in most of the samples,
while PCB-126 showed the highest value in IWI-4 and MSWI-
5. However, the predominant average dioxin-like PCBs in the
incinerators were in the order of PCB-77, PCB-118, PCB-126,
PCB-81, PCB-105, PCB-169, PCB-189, PCB-114, PCB-123,
PCB-156, PCB-157 and PCB-167.

In terms of the distribution of individual co-PCBs to the PCB-
TEQ in the flue gas of IWI and MSWI, the results clearly indicate
that PCB-126 contributes between 88% and 96% TEQ value in
all incinerators, followed by PCB-169, of which the concentra-
tion ranged from 2.66% and 9.62%. This is due to the higher

F
w
1
s

TEF value for PCB-126 than the one for other congeners. The
contributions of all other dioxin-like toxic congeners to the total
TEQ was less than 1.3% in all incinerators. The observed result
supports the findings of Lopez Garcia et al. [23], that PCB-126
is the most important PCB congener in the combustion process
in view of toxicity.

Fig. 3 compares the distribution of dioxin like PCBs in the
incinerator flue gas with commercial PCB formulations (Aroclor
1242, 1254 and 1260). The dioxin like non-ortho compounds,
such as PCB-81, PCB-77, PCB-126 and 169 were more present
in the flue gases of this study than in commercial PCB mixtures.
In Aroclor samples, PCB-81, and PCB-126 were almost absent
in all formulations and PCB-169 was present only in Aroclor
1260 (6.4%). This observation agrees with the review of Alcock
et al. [24] that the presence of non-ortho PCBs in the munic-
ipal waste incinerator flue gas may be due to the combustion
process itself and does not solely come from the commercial
PCB mixtures. Brown et al. [1] also concluded that the environ-
mental burden of PCB congeners originated from non-Aroclor
sources.

F

ig. 3. Distribution of dioxin like PCBs in the incinerator flue gas in composition
ith Aroclor commercial formulations (Aroclor 1242, 1254, 1260 (Schulz et al.
999), * average value calculated form 15 incinerator flue gas in the present
tudy).
 ig. 4. Distribution of PCB homologue groups in the flue gas of IWI and MSWI.
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Fig. 5. Homologue distribution of PCBs in the flue gas in comparison to the com-
mercial formulation (Source: Aroclors-A1016, A1242, A1248, A1245, A1260
(Frame et al. 1996); Clophen—A30, A40, A50, A60 (Schulz et al. 1999),
Kanechlor—KC-300, KC-400, KC-500, KC-600 and incinerator flue gas (aver-
age value of 10 samples) (Kim et al. 2004), The value of present study is an
average of 10 IWIs and 5 MSWIs).

Fig. 4 shows the homologue distribution of PCBs in the incin-
erator flue gas samples. The PCBs concentration was normalized
as the sum of �[PCB] = 100%. The contribution of PCB homo-
logue group was not similar in all flue gas samples. However,
the average value calculated in all flue gas samples showed
the following order. Concentrations of tetra CBs (67 ± 16%)
were the highest, followed by penta-CBs (18 ± 5%), hepta-CBs
(6 ± 4%) and hexa-CBs (4 ± 3%). The total concentration of all
other CBs, i.e from octa-CBs to deca-CBs was less than 10% in
most of the samples, except IWI-2 (13%) and MSWI-5 (19%),
which showed 13% and 19%, respectively. The result reveals
that stack gas samples were predominated by low chlorinated
PCBs. The observed results are in agreement with the results
reported by Chang et al. [5]. Fig. 5 showed the homologue dis-
tribution of PCBs in the incinerator flue gas sample compared to
commercial PCB formulations such as Aroclor, Kanechlor and
the incinerator flue gas sample from the previous study [4,20].
The incinerator flue gas sample does not resemble the pattern of
any of the commercial PCB formulations; however, it showed
the contribution of low chlorinated PCBs (tetra and penta-CBs)
is higher than high-chlorinated PCBs when compared to the
observations of Kim et al. [4] in flue gas samples.

3.3. Relationship between PCB concentration and dioxin
concentration

a
a
s
r
l
s
s
m
a

Fig. 6. The relationship between PCB concentration and PCDD/DFs concen-
tration.

et al. [5] reported that the relationship between the total TEQ
amount of PCBs and that of PCDD/DFs was weak among stack
gas samples. However, Ling and Hou [25] observed that a lin-
ear relationship existed between the TEQ value of PCDD/DFs
and three co-PCBs with a coefficient of determination of 0.93.
The agreement of PCDD/DFs with PCBs can be explained by
the precursor character of PCBs with respect to PCDFs [26],
which indicates that co-PCBs might be formed by similar reac-
tions as PCDDs and PCDFs [27]. The contribution to total TEQ
(PCBs plus PCDD/DFs) concentration from the PCBs ranged
from 0.9% to 7.4%. This result indicates that these incinera-
tors act as a source of PCB contamination, in addition to PCB
commercial products.

4. Conclusion

The concentrations of all PCB congeners in the flue gas sam-
ple of 10 IWIs and 5 MSWIs were determined. The distribution
of dioxin-like congener patterns was compared to PCB com-
mercial formulations and flue gas sample of previous studies.
PCB-126 contributed the highest TEQ value, which was about
86% to 96% in the flue gas samples. The lower chlorinated PCBs
were more dominant in the flue gas emission than in the higher
chlorinated compound. The homologue pattern of PCBs in the
flue gas was different from the commercial PCB formulations.
T
w
c
c

A

N

R

In this study, the relationship between PCB concentration
nd PCDD/DFs concentration was estimated using regression
nalysis (Fig. 6). The concentration of PCDD/DFs in flue gas
amples was obtained by Environmental Management Corpo-
ation (EMC), Korea. The MSWI-5 sample is clearly an out-
ier because it has a much higher concentration than the other
amples. Thus, regression analysis was conducted on all other
amples except for the MSWI-5 sample. The coefficient of deter-
ination and p-value in 95% of the confidence level was 0.6

nd 0.0012, respectively, which is statistically significant. Chang
he findings of the present study support previous literature,
hich suggests that non-ortho PCBs are generated during the

ombustion process. Finally, a good relationship between TEQ
oncentration of PCBs and PCDD/DFs was shown.
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