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a b s t r a c t

Since the “Toxic Egg Event” broke out in central Taiwan, the possible sources of the high content of poly-
chlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) in eggs have been a serious concern. In this
study, the PCDD/F contents in different media (feed, soil and ambient air) were measured. Evaluation of
the impact from electric arc furnace dust treatment plant (abbreviated as EAFDT plant), which is site-
specific to the “Toxic Egg Event”, on the duck total-PCDD/F daily intake was conducted by both Industrial
Source Complex Short Term model (ISCST) and dry and wet deposition models.

After different scenario simulations, the worst case was at farm A and at 200 g feed and 5 g soil for duck
intake, and the highest PCDD/F contributions from the feed, original soil and stack flue gas were 44.92,
ry/wet deposition
uck egg

47.81, and 6.58%, respectively. Considering different uncertainty factors, such as the flow rate variation of
stack flue gas and errors from modelling and measurement, the PCDD/F contribution fraction from the
stack flue gas of EAFDT plant may increase up to twice as that for the worst case (6.58%) and become 13.2%,
which was still much lower than that from the total contribution fraction (86.8%) of both feed and original
soil. Fly ashes contained purposely in duck feed by the farmers was a potential major source for the duck
daily intake. While the impact from EAFDT plant has been proven very minor, the PCDD/F content in the
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feed and soil, which was c

. Introduction

In June 2004, a high level of polychlorinated dibenzo-p-dioxins
nd dibenzofurans (PCDD/Fs) in duck eggs (30.0–45.0 pg WHO/g-
at) was discovered in Changhua County, located in the middle
aiwan. The PCDD/F I-TEQ concentration was approximately 10–15
imes higher than the EU limits (3 pg WHO/g-fat) [1]. This issue was
alled “Toxic Egg Event of Changhua” and abbreviated as “Toxic Egg
vent”. The possible sources and major transport routes that caused
hose eggs to contain so high an amount of PCDD/Fs are obvious
f public concern. In the environment, various media and expo-

ure routes, such as inhalation and ingestion of food, and water,
ould result in different possible levels of PCDD/F accumulation
2]. Therefore, the measurement of PCDD/F contents in different

edia and the establishment of a methodology for the assessment
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inated by illegal fly ash landfills, requires more attention.
© 2008 Elsevier B.V. All rights reserved.

f major PCDD/F routes for the ducks’ intake is a critical issue for
learer understanding of the “Toxic Egg Event”.

Several reports were suspecting a specific electric arc furnace
ust treatment plant (EAFDT plant), locating near the duck farm,
o be responsible for the “Toxic Egg Event”. During the period
efore the “Toxic Egg Event”, the mean PCDD/F concentration in the
tack flue gases of EAFDT plant was 181 ng I-TEQ/Nm3 [3]. In 2004,
here was no stack emission standard regulated for EAFDT plant
n Taiwan. Comparing with other kind of pollutant sources, 181 ng
-TEQ/Nm3 was much higher than the regulated standard of large-
cale municipal solid wastes incinerators (0.1 ng I-TEQ/Nm3) and
intering plants (2.0 ng I-TEQ/Nm3). Indeed, a high PCDD/F concen-
ration of stack flue gas from the EAFDT plant was released into the
tmosphere and was subject to atmospheric dispersion and depo-

ition [4]. However, without solid scientific evidence, the effect of
he EAFDT plant on the surrounding duck farms was still unclear.

Human or animals intake PCDD/Fs through various routes, such
s dermal absorption, respiration, and diet [5], particularly more
han 90% of PCDD/F intake is contributed by the last route [6]. In

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ssi10@mail.ksu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.07.079
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his study, PCDD/F contents in the feed, soil, or concentrations in
he ambient air were measured and the result of PCDD/F concen-
rations in stack flue gas from the EAFDT plant was cited from

previous study [3]. Then, by using the dispersion, dry deposi-
ion and wet deposition modelling, the impact of PCDD/F emission
rom the stack flue gas of the EAFDT plant on the surrounding duck
arms was assessed. Consequently, the major contribution fractions
n resulting in the PCDD/F “Toxic Egg Event” are presented and
iscussed.

. Experimental method

.1. EAFDT plant

The EAFDT plant was established in 1999 to recover zinc oxide
ia the Waelz process [7,8]. The EAFDT capacity is approximately
0,000 t/year and the input materials include EAF dust (9.5 t/h),
oke (1.71 t/h), and sand (1.71 t/h). The ignition is done by a burner
hat is fed with diesel oil and ambient air [3]. The treatment pro-
ess is conducted in a high temperature rotary-kiln that is 40 m
ong and has a 3.6 m outer diameter. It is equipped with various air
ollution control devices, including a dust setting chamber (DSC),
enturi tower, cyclone, and bag filters. The height of the stack is
5 m and the flow rate of flue gas is 52,200 Nm3/h (Table 1) [3].

.2. Sampling and analysis of PCDD/Fs

The stack flue gas sampling procedures followed those of the US
PA Modified Method 23 [9], and each stack gas sampling lasted for
–3 h. The PCDD/Fs in the ambient air were collected by a standard
emi-volatile sampling train (General Metal works PS-1) according
o the revised US EPA Reference Method TO9A [10].

Prior to sampling, XAD-2 resin was spiked with PCDD/F surro-
ate standards pre-labelled with isotopes. The analyses for stack
ue gas and ambient air samples were performed according to the
S EPA Modified Method 23 [9] and US EPA Reference Method TO9A

10], respectively. Soil, feed and egg samples were analyzed with
he US EPA Method 1613B [11]. Essentially, samples were extracted
ith toluene for 24 h and this was then followed by a series of sam-
le cleanup procedures. The extract was transferred to a vial, and
nally further concentrated by a N2 gas stream.

Two high-resolution gas chromatographs/high-resolution mass
pectrometers (HRGC/HRMS) were used for PCDD/F analysis. The
RGC (Hewlett-Packard 6970 Series gas, CA) was equipped with
DB-5 fused silica capillary column (L = 60 m, ID = 0.25 mm, film

hickness = 0.25 �m) (J&W Scientific, CA) with a splitless injection,
hile the HRMS (Micromass Autospec Ultima, Manchester, UK)
ad a positive electron impact (EI+) source. The analyzer mode of
he selected ion monitoring was used with the resolving power at
0,000. The electron energy and source temperature were specified

◦
t 35 eV and 250 C, respectively. The oven temperature program
as set according to the following: initially at 150 ◦C (held for
min), then increased by 30 ◦C/min to 220 ◦C (held for 12 min), and
nally increased by 1.5 ◦C/min to 310 ◦C (held for 20 min). Helium
as used as the carrier gas.

able 1
asic information of the EAFDT plant

eed materials EAF fly ash, coke, sand
urnace type Waelz rotary kiln
ir pollution control devices Dust settling chamber, venturi tower, cyclones,

bag filters
tack height (m) 35
lue gas rate (Nm3/h) 52,200
reatment capacity (t/year) Approximately 70,000
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.3. Gas/particle partitioning

The issue of gas/particle partitioning has particular significance
or PCDD/Fs, because it will affect the deposition processes (e.g., the
elative importance of gaseous and particulate dry/wet depositions,
espectively) which can transfer PCDD/Fs to terrestrial and aquatic
ood chains and compartments [12].

The distribution of PCDD/Fs between the gas phase and particle
hase depends on the particle concentration, particle size distri-
ution, phase related properties, ambient temperature, relative
umidity and the compounds themselves [12]. An equation that
as been used with success to describe gas–particle partitioning is

p = F/TSP
A

here Kp (m3/�g) is a temperature-dependent partitioning con-
tant, TSP (�g/m3) is the concentration of total suspended
articulate materials, F (pg/m3) is the concentration of the
ompound bound to particles, and A (pg/m3) is the gaseous concen-
ration of the compound of interest [13–16]. Plotting log Kp against
he logarithm of the subcooled liquid vapor pressure, Po

L , gives

og Kp = mr × log Po
L + br

here mr is the slope and br is the y-intercept of the trend line.
Eitzer and Hites [17] have correlated Po

L of PCDD/Fs with gas
hromatographic retention indexes (GC-RI) on a non-polar (DB-5)
C-column using p,p′-DDT as a reference standard. The correlation
as been redeveloped by Hung et al. [18] as

og PL
o = −1.34(RI)

T
+ 1.67 × 10−3(RI) − 1320

T
+ 8.087

here Po
L is the subcooled liquid vapor pressure, RI is the gas chro-

atographic retention indexes derived by Donnelly et al. [19] and
ale et al. [20], and T is ambient temperature (K). In this study,

he RIs derived by Donnelly et al. [19] and Hale et al. [20] and the
quation redeveloped by Hung et al. [18] were taken to generate
he Po

L values. A complete dataset on the gas–particle partitioning
f PCDD/Fs in Taiwan has been reported [21] with the data giving
alues for mr = −1.29 and br = −7.2 with R2 = 0.94. In this study, the
rend line proposed by Chao et al. [21] was taken to estimate the
artitioning constant, Kp.

.4. Dry and wet deposition processes of PCDD/Fs

The dry deposition flux of PCDD/Fs in the atmosphere is a com-
ination of both gas-phase and the particle-phase fluxes, which is
iven by

T = Fg + Fp,

T is the summation of PCDD/F deposition fluxes from both gas and
he particle phases; Fg is the PCDD/F deposition flux from the gas
hase, Fp is the PCDD/F deposition flux from the particle phase,
here FT = CT × Vd,T, Fg = Cg × Vd,g, and Fp = Cp × Vd,p.

Therefore,

T × Vd,T = Cg × Vd,g + Cp × Vd,p

here CT is the measured concentration of total PCDD/Fs in the
mbient air, Vd,T is the dry deposition velocity of total PCDD/Fs, Cg

s the calculated concentration of PCDD/Fs in the gas phase, Vd,g

s the dry deposition velocity of the gas-phase PCDD/Fs, Cp is the
alculated concentration of PCDD/Fs in the particle phase, Vd,p is
he dry deposition velocity of the particle-phase PCDD/Fs.

The mean dry deposition velocity of total PCDD/Fs (0.42 cm/s)
as proposed by Shih et al. [22]. This value (Vd = 0.42 cm/s) is also



dous Materials 163 (2009) 1185–1193 1187

u
fl
a
v
p
h
g

v
l
b

S

S
u
e

S

C
d

c

S

S
C
r

p

S

S
t

B
a
O
a

2
s

E
b
T
T
t
c
a

a
T
B

3

3

o
fl

Table 2
Parameters used in the ISCST model for simulating PCDD/F concentration trans-
ported to eight sampling sites

Item Parameters

Program control Algorithm: RURAL MODE
Influence of buoyancy: ignored

Receptor Sea level: 0 m
Elevation from ground: 0 m
Location: downwind-side

Emission source (stack) Emission source: single
The base of the stack (sea level): 0 m
Stack height: 35 m
Emission rate: fixed
Decay of pollutant: no decay during the transportation
process
Smoke height: as the parameter of wash down
distances
Effective smoke height: calculated
Pollutant concentration: constant at steady state
Flow trace effect: ignored

Meteoric parameter Wind direction: perpendicular to smoke direction

t
r
s
c
d
c
For stack flue gas, the most abundant congeners were 1,2,3,4,6,7,8-
HpCDF, 1,2,3,6,7,8-HxCDF and 1,2,3,4,7,8-HxCDF (Fig. 2a) [3]. Table 4
lists the PCDD/F contents or concentrations in the soil, feed and
ambient air. The mean total PCDD/F and total PCDD/F I-TEQ contents

Table 3
The coordinates of the EAFDT plant and eight duck farms

Symbol Location

EAF plant 193387,2672519
Duck farm A 193379,2671510
Duck farm B 193563,2671500
Duck farm C 193541,2670854
Duck farm D 193543,2670554
Duck farm E 193215,2669696
Duck farm F 192723,2669786
Duck farm G 194926,2672953
Duck farm H 199405,2676558
W.-J. Lee et al. / Journal of Hazar

sed for the approximate calculation of total PCDD/F dry deposition
ux. Dry deposition of gas-phase PCDD/Fs is mainly by diffusion,
nd because of a lack of measured data for PCDD/Fs, a selected
alue (0.010 cm/s) of gas-phase PAH dry deposition velocity, Vd,g,
roposed by Sheu et al. [23] and used by Lee et al. [24], is also used
ere to calculate the PCDD/F dry deposition flux contributed by its
as phase.

The wet deposition flux of PCDD/Fs is a combination of both
apor dissolution into rain and the removal of suspended particu-
ate by precipitation. The gas scavenging ratio, Sg, can be estimated
y

g = RT

H
,

g is the gas scavenging ratio of PCDD/Fs (dimensionless), R is the
niversal gas constant (82.06 × 10−6 m3 atm/mol K), T is the ambi-
nt temperature (K), H is the Henry constant (m3 atm/mol).

g = Crain,dis

Cg

rain,dis is the dissolved-phase concentration of PCDD/Fs in the rain-
rop, Cg is the concentration of PCDD/Fs in the gas phase.

The particle scavenging ratio, Sp, on the other hand, can be cal-
ulated by

p = Crain,particle

Cp

p is the particle scavenging ratio of PCDD/Fs (dimensionless),
rain,particle is the particle-phase concentration of PCDD/Fs in the
aindrop, Cp is the concentration of PCDD/Fs in the particle phase.

Total scavenging of precipitation (Stot) is the sum of gas and
article scavenging, it can be calculated by

tot = Sg(1 − ˚) + Sp × ˚ (9)

tot is the total scavenging ratio of PCDD/Fs (dimensionless), ˚ is
he fraction of the total air concentration bound to particles.

The particle scavenging ratio of PCDD/Fs based on average
loomington air and rain concentrations were measured by Eitzer
nd Hites [25]. Because of a lack of measured data, the Sp values of
CDD and OCDF measured by Eitzer and Hites [25] were averaged
nd used in this study.

.5. PCDD/F dispersion from the stack of EAFDT plant to eight
urrounding duck farms

The concentrations of PCDD/Fs emitted from the stack of the
AFDT plant to the eight surrounding duck farms were estimated
y using the Industrial Source Complex Short Term model (ISCST).
able 2 summarizes the dispersion parameters used in this study.
he model has been widely used to simulate ambient air concentra-
ions at specified receptor points for various sources [26–28]. The
oordinates and location of the EAFDT plant and eight duck farms
re shown in Table 3 and Fig. 1.

The operating period of ISCST, which began on 1 October 1999
nd ended on 16 June 2005, on EAFDT plant was totally 2084 days.
he meteorological information was obtained from both Wuchi and
anciao weather stations.

. Results and discussion
.1. PCDD/F concentration in different media

The mean of total PCDD/F concentration (total concentration
f seventeen 2,3,7,8-substituted PCDD/F congeners) of the stack
ue gas from the EAFDT plant was 1877 ng/Nm3, and the mean of
Air temperature: 12–33 ◦C
Mixing-layer height: 500 m
Temperature inclined: varies with the stability

otal PCDD/F I-TEQ concentration was 181 ng I-TEQ/Nm3 [3]. These
esults were used to calculate or simulate the dry and wet depo-
itions from stack flue gas for eight duck farms. Fig. 2 shows the
ongener profiles of the seventeen 2,3,7,8-substituted PCDD/Fs in
ifferent media. The y-coordinate was normalized by dividing the
oncentration or content of each congener by that of total PCDD/Fs.
Fig. 1. The location of an EAFDT plant and eight duck farms.
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Fig. 2. The congener profiles of 17 2,3,7,8-substituted PCDD/Fs in different media.

Table 4
PCDD/F contents or concentrations in the soil, feed and ambient air

PCDD/Fs (ng/kg) Soil Feed Ambient air

Mean (n = 11) R.S.D. (%) Mean (n = 10) R.S.D. (%) Meana (n = 13) R.S.D. (%)

2,3,7,8-TeCDD 0.362 94.5 0.0305 156 0.00429 105
1,2,3,7,8-PeCDD 2.29 105 0.0343 113 0.00592 79.2
1,2,3,4,7,8-HxCDD 2.02 119 0.0243 86.9 0.00496 88.5
1,2,3,6,7,8-HxCDD 5.06 115 0.0479 92.9 0.0112 78.3
1,2,3,7,8,9-HxCDD 4.17 121 0.0415 80.5 0.00881 79.1
1,2,3,4,6,7,8-HpCDD 40.8 115 0.603 89.6 0.0772 83.8
OCDD 221 97.5 7.54 72.9 0.312 122
2,3,7,8-TeCDF 2.79 103 0.131 84.0 0.0268 79.9
1,2,3,7,8-PeCDF 5.38 122 0.106 86.6 0.0246 75.8
2,3,4,7,8-PeCDF 7.15 119 0.159 90.7 0.0387 72.5
1,2,3,4,7,8-HxCDF 7.38 130 0.121 84.9 0.0384 81.3
1,2,3,6,7,8-HxCDF 7.95 130 0.0814 82.7 0.0350 79.4
1,2,3,7,8,9-HxCDF 2.07 137 0.0319 84.2 0.00379 117
2,3,4,6,7,8-HxCDF 7.46 135 0.0693 81.1 0.0391 85.6
1,2,3,4,6,7,8-HpCDF 36.9 126 0.651 88.7 0.133 91.3
1,2,3,4,7,8,9-HpCDF 4.63 160 0.0417 79.7 0.0185 92.8
OCDF 55.1 131 2.75 114 0.152 119
PCDDs 275 97.3 8.32 72.3 0.424 107
PCDFs 137 116 4.14 101 0.510 88.6
PCDDs/PCDFs ratio 2.01 – 2.01 – 0.832 –
Total PCDD/Fs 412 99.5 12.5 78.2 0.934 93.8
PCDDs I-TEQ 3.26 101 0.0726 104 0.0108b 88.6
PCDFs I-TEQ 7.08 120 0.138 85.9 0.0365b 76.8
PCDDs/PCDFs I-TEQ ratio 0.461 – 0.527 – 0.296 –
Total PCDD/Fs I-TEQ 10.3 114 0.210 90.1 0.0474b 79.2

a The unit is pg/Nm3.
b The unit is pg I-TEQ/Nm3.
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n the soil were 412 ng/kg and 10.3 ng I-TEQ/kg, respectively. By
omparing the above total PCDD/Fs I-TEQ with those of the munic-
pal solid waste incinerators in Taiwan (ranged from 1.19 ng-TEQ/kg
o 3.03 ng-TEQ/kg) [29], the content levels indicate that the soil
n the present study was heavily contaminated. This result could
e attributed to the fact that an illegal fly ash landfill was discov-
red near duck farms that caused the “Toxic Egg Event” The major
ongeners in the soil were OCDD, CODF and 1,2,3,4,6,7,8-HpCDD
Fig. 2b) and the mean total I-TEQ content in the feed and ambient
ir were 0.210 ng I-TEQ/kg (R.S.D. = 90.1%) and 0.0474 pg I-TEQ/Nm3

R.S.D. = 79.2%) (Table 4), respectively. For feed and ambient air,
he dominant congeners were OCDD, CODF and 1,2,3,4,6,7,8-HpCDF
Fig. 2c and d).

At duck farm A, which is located at the downwind direction of
AFDT plant (Fig. 1), the PCDD/F concentrations in the ambient air
ere measured on various time. They were 0.0704, 0.0945, 0.174,

nd 0.121 pg I-TEQ/Nm3, respectively. Via inputting the results
f PCDD/F emission from the stack of EAFDT plant and the dis-
ersion parameters (as shown in Table 2) into the ISCST model,
he simulated concentrations of PCDD/Fs were 0.00027, 0.00010,
.00026, and 0.00055 pg I-TEQ/Nm3, respectively. Thus, the con-
ributions of stack emission from EAFDT plant were minor and
ere 0.384% (0.00027/0.0704), 0.106% (0.00010/0.0945), 0.149%

0.00026/0.174), and 0.455% (0.00055/0.121), respectively. These
esults also indicated that during the “Toxic Egg Event” the impact
f PCDD/Fs from EAFDT plant on the duck daily intake was insignif-
cant and could be ignored.

Based on the experimental results of our laboratory, the mean
nd/or range of PCDD/F contents in the toxic eggs from each farm (A
o H) were 19.63 (9.6–32.6), 3.46, 3.31, 3.00, 8.58 (7.34–9.81), 5.13,
.50, and 7.83 pg WHO–TEQ DF/g fat. Comparing the above results
ith total dioxin toxicity equivalency concentration guidelines

3 pg WHO–TEQ DF/g fat) regulated for chicken egg in European
nion, it was found that most of the PCDD/F contents in the toxic
ggs from duck farms were higher than this guidance except that
rom duck farm G. The results in the experiment disclose that duck
ggs were heavily contaminated and it is crucial to pinpoint the
ossible sources of these PCDD/Fs.

.2. Dry/wet depositions of PCDD/Fs

The dry/wet depositions of PCDD/Fs from ambient air and stack
ue gas for eight duck farms are shown in Table 5. The total dry
eposition and wet depositions of PCDD/Fs from the ambient air
ere 16.18 ng I-TEQ/m2 (1533 days) and 8.61 ng I-TEQ/m2 (533
ays), respectively. According to the weather and operation infor-
ation, there were 1357 days for PCDD/F dry deposition and 458
ays for PCDD/F wet deposition from the stack flue gas from EAFDT
lant to model. Of all duck farms, duck farms A and B are the
losest to EAFDT plant and are also located at downwind of the
tack flue gas. The dry deposition (183.31–193.15 ng I-TEQ/m2) and
et deposition (45.16–52.75 ng I-TEQ/m2) of PCDD/Fs were much

E

w
i
E

able 5
ry deposition and wet deposition from ambient air and stack flue gas for eight duck farm

ocation Ambient air (ng I-TEQ/m2)

Dry deposition (1533 days) Wet deposition (551 da

uck farm A 16.18 8.61
uck farm B 16.18 8.61
uck farm C 16.18 8.61
uck farm D 16.18 8.61
uck farm E 16.18 8.61
uck farm F 16.18 8.61
uck farm G 16.18 8.61
uck farm H 16.18 8.61
aterials 163 (2009) 1185–1193 1189

igher than farms G and H (3.15–16.04 ng I-TEQ/m2, 0.94–3.61 ng
-TEQ/m2), located at upwind of the stack flue gas. Therefore, the
tack flue gas from the EAFDT plant had a higher impact on duck
arms A and B than the other locations.

The questionnaire surveying and interviewing made among the
uck farmers has stated a fact that was significantly associated
ith the “Toxic Egg Event”. In order to have a better market and
ore favorable prices for the duck eggs, some additives were added

nto the eggs. Among them fly ashes were effective in turning the
uck egg yolk from the yellow to the red. As a result, these duck
ggs will have a good sale and prices. Nevertheless, these fly ashes
ontributed critical level of PCDD/Fs to the duck eggs.

With respect to the factors that could be responsible for the
igh PCDD/F contents of duck eggs, the impact of dry/wet PCDD/F
epositions from the ambient air and EAFDT plant on the soils
as been detailed in previous discussion. In addition, the com-
arison between the PCDD/F contents in the original soils in the
resent study and other soils that was not contaminated should be
rovided. Based on the results obtained from our laboratory, the
CDD/F contents in the soils near certain incinerator was 1.48 ng I-
EQ/kg (n = 8). Comparing the original PCDD/F contents in the soils
t duck farm A and H in this study with the above result, it is found
hat they were approximately 6 (8.95/1.48) and 7 (10.25/1.48) times
igher. This result indicated that the original soils of the duck farms

n this study had been heavily polluted by PCDD/Fs. In addition to
he dry/wet depositions from the ambient air and EAFDT plant, the
robable reason maybe the contribution of feces excreted by the
ucks in the farms. Ducks in the farms intake the contaminated
eed and soils, then feces was excreted to the soils and increased
heir PCDD/F contents.

.3. Different scenario simulation

Humans and animals intake PCDD/Fs through various routes,
.g., dermal absorption, respiration, and diet [5], and more than 90%
f PCDD/F intake is contributed by the last route [6]. Since ducks
lways walk or take a rest on the ground, the soil is probably acci-
entally ingested. In this study, the duck intake was simulated for
iet based on the feed and soil, while both dermal absorption and
espiration were ignored. In addition, the PCDD/Fs were deposited
n the surface of the feed and soil through dry/wet deposition of
mbient air and stack flue gas of EAFDT plant.

After field investigation, each duck was found to ingest approx-
mately 200 g of feed per day. The duck feed area was 3 m × 3 m,
nd the feed exposure time was 4 h/day. There were six scenarios
hat contained from 0 to 5 g of soil with 200 g of feed to simulate
hat the duck ingested as shown in the following equation:
total = Efeed + Esoil (1)

here Etotal is the total PCDD/F mass of duck daily intake (pg); Efeed
s the PCDD/F mass of duck daily intake contributed by feed (pg);
soil is the PCDD/F mass of duck daily intake contributed by soil (pg).

s

Stack flue gas (ng I-TEQ/m2)

ys) Dry deposition (1357 days) Wet deposition (458 days)

193.15 45.16
183.31 52.75
168.54 47.69
155.84 43.57
109.23 25.66
96.71 21.32
16.04 3.61
3.15 0.94
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Table 6
The PCDD/F contribution from feed, soil, ambient air and stack flue gas for eight duck farms (200 g feed and 0 g soil)

Media Exposure Feed Soil Ambient air Stack flue gasa Contribution fraction
by stack flue gas (%)

Feed (%) Original
soil (%)

Dry deposition Wet deposition Dry deposition Wet deposition

Feed farm (%) Soil (%) Soil (%) Feed farm (%) Soil (%) Soil (%)

Duck farm A Contribution I-TEQ 99.878 0.00 0.009 0.00 0.00 0.112 0.00 0.00 0.112
Duck farm B Contribution I-TEQ 99.884 0.00 0.009 0.00 0.00 0.106 0.00 0.00 0.106
Duck farm C Contribution I-TEQ 99.893 0.00 0.009 0.00 0.00 0.098 0.00 0.00 0.098
Duck farm D Contribution I-TEQ 99.899 0.00 0.009 0.00 0.00 0.091 0.00 0.00 0.091
Duck farm E Contribution I-TEQ 99.927 0.00 0.009 0.00 0.00 0.063 0.00 0.00 0.064
Duck farm F Contribution I-TEQ 99.934 0.00 0.009 0.00 0.00 0.056 0.00 0.00 0.056
D 0
D 0

f
(
d
t
t
t

E

M
s
t
d
d
P

(
T

E

I
2
t
g
i

T
T

M

D
D
D
D
D
D
D
D

T
T

M

D
D
D
D
D
D
D
D

uck farm G Contribution I-TEQ 99.981 0.00 0.009 0.0
uck farm H Contribution I-TEQ 99.989 0.00 0.009 0.0

a The PCDD/F concentration from Li et al. [3].

In addition, the PCDD/F mass of duck daily intake contributed by
eed (Efeed, pg) includes the PCDD/F mass in the original daily feed
Foriginal feed, pg), the daily PCDD/F mass entering the feed due to dry
eposition from original ambient air PCDD/Fs (Dambient air, pg) and
he daily PCDD/F mass entering the feed due to dry deposition from
he plume of stack flue gas (Dstack flue gas, pg). This can be shown as
he following equation:

feed = Foriginal feed + Dambient air + Dstack flue gas (2)

oreover, the PCDD/F mass of duck daily intake contributed by

oil (Esoil, pg), includes the PCDD/F mass of duck daily intake con-
ributed by the original soil (Soriginal soil, pg), the daily PCDD/F mass
eposited on the soil by the dry (Dambient air) or wet (Wambient air)
epositions from original ambient air PCDD/Fs (pg), and the daily
CDD/F mass deposited on the soil by the dry (Dstack flue gas) or wet

d
o
a
(
f

able 7
he PCDD/F contribution from feed, soil, ambient air and stack flue gas for eight duck farm

edia Exposure Feed Soil Ambient air

Dry deposition W

Feed (%) Original
soil (%)

Feed
farm (%)

Soil (%) S

uck farm A Contribution I-TEQ 80.25 17.08 0.008 0.158 0
uck farm B Contribution I-TEQ 80.23 17.12 0.008 0.158 0
uck farm C Contribution I-TEQ 80.24 17.32 0.008 0.159 0
uck farm D Contribution I-TEQ 80.24 17.48 0.008 0.159 0
uck farm E Contribution I-TEQ 80.26 18.12 0.008 0.159 0
uck farm F Contribution I-TEQ 80.26 18.28 0.008 0.159 0
uck farm G Contribution I-TEQ 80.29 19.26 0.008 0.159 0
uck farm H Contribution I-TEQ 80.30 19.41 0.007 0.159 0

a The PCDD/F concentration from Li et al. [3].

able 8
he PCDD/F contribution from feed, soil, ambient air and stack flue gas for eight duck farm

edia Exposure Feed Soil Ambient air

Dry deposition W

Feed (%) Original
Soil (%)

Feed
farm (%)

Soil (%) S

uck farm A Contribution I-TEQ 67.06 28.55 0.006 0.265 0
uck farm B Contribution I-TEQ 67.04 28.61 0.006 0.265 0
uck farm C Contribution I-TEQ 67.04 28.94 0.006 0.265 0
uck farm D Contribution I-TEQ 67.05 29.21 0.006 0.265 0
uck farm E Contribution I-TEQ 67.06 30.28 0.006 0.265 0
uck farm F Contribution I-TEQ 67.06 30.55 0.006 0.265 0
uck farm G Contribution I-TEQ 67.08 32.18 0.006 0.265 0
uck farm H Contribution I-TEQ 67.09 32.43 0.006 0.265 0

a The PCDD/F concentration from Li et al. [3].
0.00 0.009 0.00 0.00 0.009
0.00 0.001 0.00 0.00 0.001

Wstack flue gas) depositions from the plume of stack flue gas (pg).
his can be shown as following equation:

soil = Soriginal soil + Dambient air + Wambient air + Dstack flue gas

+Wstack flue gas (3)

n the first scenario, as shown in Table 6, the duck only ingested
00 g of feed with no soil. In the eight duck farms (A–H), more
han 99.87% of the PCDD/Fs came from the feed, and the stack flue
as contributed 0.001–0.112%. In the second scenario, as shown
n Table 7, 200 g of feed and 1 g of soil was ingested by the

uck. For these duck farms, the PCDD/F contributions of feed,
riginal soil, and stack flue gas were 80.23–80.30, 17.08–19.41,
nd 0.04–2.42%, respectively. From the third to sixth scenarios
as shown in Tables 8–11), the amount of soil ingested increased
rom 2 to 5 g. In each duck farm, the PCDD/F contributions from

s (200 g feed and 1 g soil)

Stack flue gasa Contribution fraction
by stack flue gas (%)

et deposition Dry deposition Wet deposition

oil (%) Feed
farm (%)

Soil (%) Soil (%)

.084 0.090 1.89 0.442 2.42

.084 0.086 1.80 0.517 2.40

.084 0.079 1.65 0.467 2.20

.084 0.073 1.53 0.427 2.03

.084 0.051 1.07 0.251 1.37

.084 0.045 0.95 0.209 1.20

.084 0.008 0.16 0.035 0.20

.084 0.001 0.03 0.009 0.04

s (200 g feed and 2 g soil)

Stack flue gasa Contribution fraction
by stack flue gas (%)

et deposition Dry deposition Wet deposition

oil (%) Feed
farm (%)

Soil (%) Soil (%)

.141 0.075 3.16 0.74 3.98

.141 0.072 3.00 0.86 3.93

.141 0.066 2.76 0.78 3.61

.141 0.061 2.55 0.71 3.32

.141 0.043 1.79 0.42 2.25

.141 0.038 1.58 0.35 1.97

.141 0.006 0.26 0.06 0.33

.141 0.001 0.05 0.02 0.07



W.-J. Lee et al. / Journal of Hazardous Materials 163 (2009) 1185–1193 1191

Table 9
The PCDD/F contribution from feed, soil, ambient air and stack flue gas for eight duck farms (200 g feed and 3 g soil)

Media Exposure Feed Soil Ambient air Stack flue gasa Contribution fraction
by stack flue gas (%)

Dry deposition Wet deposition Dry deposition Wet deposition

Feed (%) Original
soil (%)

Feed
farm (%)

Soil (%) Soil (%) Feed
farm (%)

Soil (%) Soil (%)

Duck farm A Contribution I-TEQ 57.60 36.78 0.005 0.341 0.181 0.065 4.07 0.95 5.08
Duck farm B Contribution I-TEQ 57.57 36.86 0.005 0.341 0.181 0.061 3.87 1.11 5.04
Duck farm C Contribution I-TEQ 57.58 37.28 0.005 0.341 0.181 0.057 3.55 1.01 4.62
Duck farm D Contribution I-TEQ 57.58 37.63 0.005 0.341 0.181 0.052 3.29 0.92 4.26
Duck farm E Contribution I-TEQ 57.59 39.00 0.005 0.341 0.181 0.037 2.30 0.54 2.88
Duck farm F Contribution I-TEQ 57.59 39.36 0.005 0.341 0.181 0.032 2.04 0.45 2.52
Duck farm G Contribution I-TEQ 57.61 41.44 0.005 0.341 0.181 0.005 0.34 0.08 0.42
Duck farm H Contribution I-TEQ 57.61 41.77 0.005 0.341 0.181 0.001 0.07 0.02 0.09

a The PCDD/F concentration from Li et al. [3].

Table 10
The PCDD/F contribution from feed, soil, ambient air and stack flue gas for eight duck farms (200 g feed and 4 g soil)

Media Exposure Feed Soil Ambient air Stack flue gasa Contribution fraction
by stack flue gas (%)

Dry deposition Wet deposition Dry deposition Wet deposition

Feed (%) Original
Soil (%)

Feed
farm (%)

Soil (%) Soil (%) Feed
farm (%)

Soil (%) Soil (%)

Duck farm A Contribution I-TEQ 50.48 42.98 0.005 0.399 0.212 0.057 4.76 1.11 5.93
Duck farm B Contribution I-TEQ 50.45 43.06 0.005 0.399 0.212 0.054 4.52 1.30 5.87
Duck farm C Contribution I-TEQ 50.45 43.55 0.005 0.399 0.212 0.050 4.15 1.18 5.38
Duck farm D Contribution I-TEQ 50.46 43.97 0.005 0.399 0.212 0.046 3.84 1.07 4.96
Duck farm E Contribution I-TEQ 50.46 45.57 0.005 0.399 0.212 0.032 2.69 0.63 3.35
Duck farm F Contribution I-TEQ 50.46 45.98 0.005 0.399 0.212 0.028 2.38 0.53 2.94
D 0
D 0
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uck farm G Contribution I-TEQ 50.48 48.42 0.005 0.399
uck farm H Contribution I-TEQ 50.48 48.80 0.005 0.399

a The PCDD/F concentration from Li et al. [3].

eed decreased, while those from original soil and stack flue gas
ncreased. The worst case occurred at duck farm A in the sixth
cenario (Table 11), where 47.81% of the PCDD/Fs came from the
riginal soil, 44.92% from feed and 6.58% from stack flue gas.
otably, because duck farms G and H were upstream of the stack
ue gas, the PCDD/F contributions from it were lower than 1.00% in
ll scenarios. In contrast, duck farms A and B were downstream of
he stack flue gas, the PCDD/F contributions were higher than duck
arms G and H. Particularly, the highest PCDD/F contributions were
.58 and 6.52% for duck farms A and B in sixth scenario (Table 11),
hich were close to 10.5% [30]. If we considered the different uncer-
ainty factors, such as flow rate variation of stack flue gas, errors
rom modelling and measurement, the PCDD/F contribution frac-
ion from the stack flue gas may increase up to twice as that for the
orst case (duck farm A in Table 11, 6.58%), 13.2%, which was still

f
t
m
i

able 11
he PCDD/F contribution from feed, soil, ambient air and stack flue gas for eight duck farm

edia Exposure Feed Soil Ambient air

Dry deposition W

Feed (%) Original
soil (%)

Feed
farm (%)

Soil (%) S

uck farm A Contribution I-TEQ 44.92 47.81 0.004 0.443 0
uck farm B Contribution I-TEQ 44.90 47.90 0.004 0.444 0
uck farm C Contribution I-TEQ 44.90 48.45 0.004 0.444 0
uck farm D Contribution I-TEQ 44.90 48.91 0.004 0.444 0
uck farm E Contribution I-TEQ 44.91 50.68 0.004 0.444 0
uck farm F Contribution I-TEQ 44.91 51.15 0.004 0.444 0
uck farm G Contribution I-TEQ 44.92 53.86 0.004 0.444 0
uck farm H Contribution I-TEQ 44.92 54.29 0.004 0.444 0

a The PCDD/F concentration from Li et al. [3].
.212 0.005 0.39 0.09 0.49

.212 0.001 0.08 0.02 0.10

uch lower than that from the total contribution (86.8%) of both
eed and original soil. This result indicated that the PCDD/F contri-
ution from the stack flue gas of EAFDT plant was minor, and the
ajor source of PCDD/F intake for ducks is attributed to the feed

nd the original soil.
As can be seen in Tables 6–11, there were trends occurred in

hese tables. The PCDD/F contributions of EAFDT plant decreased
rom A to H for each scenario. For instance, at the scenario of
00 g feed and 5 g soil (Table 11), they were 6.58, 6.52, 5.97, 5.50,
.72, 3.26, 0.54, and 0.11%. On the other hand, they increased with

ncreasing soil fed for specified duck farm. For instance, for duck

arm A, they were 0.112, 2.42, 3.98, 5.08, 5.93, and 6.58% when
he soil varied from 0 to 5 g. According to these results, the maxi-

um contribution of EAFDT plant on the duck total PCDD/F daily
ntake occurred at farm A with 5 g soil (200 g feed). Notably, there

s (200 g feed and 5 g soil)

Stack flue gasa Contribution fraction
by stack flue gas (%)

et deposition Dry deposition Wet deposition

oil (%) Feed
farm (%)

Soil (%) Soil (%)

.236 0.051 5.29 1.24 6.58

.236 0.048 5.02 1.45 6.52

.236 0.044 4.62 1.31 5.97

.236 0.041 4.27 1.19 5.50

.236 0.029 2.99 0.70 3.72

.236 0.025 2.65 0.58 3.26

.236 0.004 0.44 0.10 0.54

.236 0.001 0.08 0.03 0.11
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as a shelter constructed over the feed area, so no rain with
CDD/Fs reached the feed. Therefore, no data about wet deposition
f PCDD/Fs to the feed appeared in Tables 6–11.

As previously described, the contribution of PCDD/Fs from the
AFDT plant on each farm was quite different. For each scenario,
hey decreased from A to H owing to Dstack flue gas (feed), Dstack flue gas
soil) and Wstack flue gas (soil) were all decreased from duck farms
–H. The above results also claim the contribution of PCDD/Fs

rom the EAFDT plant on each farm and distance between EAFDT
lant and each farm are adversely correlated. As shown in Fig. 1,
he distance increased from duck farms A–H and the contribution
ecreased accordingly. As mentioned previously, duck farms G and
were in the upwind direction of EAFDT plant and then had much

ower contributions.
Regarding the impacts of PCDD/Fs from EAFDT plant and ambi-

nt air on the soils, duck farms A and H were selected to compare
he PCDD/F contents in the soils before and after 1815-days oper-
tion of EAFDT plant owing to the maximum and minimum dry
nd wet depositions occurred at duck farms A and H, respectively
Table 5). Additionally, discussion was focused on the scenario of
00 g feed and 1 g soil (Table 7). Via sampling and analyzing, both of
he PCDD/F contents in the soils at duck farms A and H were 10.3 ng
-TEQ/kg after 1815-days operation of EAFDT plant. By subtracting
he PCDD/F masses contributed from dry and wet depositions, the
riginal PCDD/F contents in the soils at duck farms A and H were
hen be calculated as 8.95 and 10.15 ng I-TEQ/kg, respectively. The
atios of PCDD/F contents in the original soil and the soil after 1815-
ays operation of EAFDT plant were represented by duck farms A
nd H with the results 1.15 (10.3/8.95) and 1.01 (10.3/10.15), respec-
ively. These results indicated that the increase of PCDD/F contents
n the soil from EAFDT plant and ambient air were limited, meaning
hat the impacts of PCDD/Fs of EAFDT plant and ambient air on the
oils were minor. Furthermore, EAFDT plant could not be the main
CDD/F source of the “Toxic Egg Event”.

As shown in Table 11, the PCDD/F contributions of EAFDT plant
n duck farms E and H were 3.72 and 0.11%, respectively, and they
ere much lower among these eight farms. Nevertheless, the mean

CDD/F contents in the toxic eggs from duck farms E and H were
.58 and 7.83 pg WHO–TEQ DF/g fat, respectively. Compared with
ther duck farms (except duck farm A), they were significantly
igher. These results indicated that higher PCDD/F contributions
f EAFDT plant were not necessarily resulting in the higher PCDD/F
ontents in eggs for these duck farms. Fly ashes contained purposely
n duck feed by the farmers was a potential major source for the
uck daily intake. Furthermore, more attention should be paid to
he PCDD/F content in both feed and soil, which was contaminated
y illegal fly ash landfills.

. Conclusions

The mean PCDD/F I-TEQ content in the soil, feed, and ambi-
nt air were 10.3 ng I-TEQ/kg, 0.210 ng I-TEQ/kg and 0.0474 pg
-TEQ/Nm3, respectively. The PCDD/F deposition from ambient air
as 16.18 ng I-TEQ/m2 (dry deposition) and 8.61 ng I-TEQ/m2 (wet
eposition). Of all the duck farms, A and B were the closest sites to
he EAFDT plant and also located at downstream of the stack flue
as. The dry deposition (183.31–193.15 ng I-TEQ/m2) and wet depo-
ition (45.16–52.75 ng I-TEQ/m2) of PCDD/Fs were much higher for

and B than for G and H (3.15–16.04 ng I-TEQ/m2 (dry deposi-
ion), 0.94–3.61 ng I-TEQ/m2 (wet deposition)), which were located

pstream of the stack flue gas. After different scenario simula-
ion, the worst case was at farm A with 200 g feed and 5 g soil
or duck intake, and the highest PCDD/F contributions from the
eed, original soil and stack flue gas were 44.92, 47.81, and 6.58%
espectively. Considering different uncertainty factors, such as flow

[

aterials 163 (2009) 1185–1193

ate variation of stack flue gas, errors from modelling and mea-
urement, PCDD/Fs from the stack flue gas of EAFDT plant in a
orst case scenario may increase up to twice the modelled amount

6.58%) and become 13.2%, which was still much lower than that
rom the total contribution fraction (86.8%) of both feed and orig-
nal soil. Adding fly ashes into the duck feed by the farmers has
he strong tendency to be major source for the duck daily intake.
herefore, the PCDD/F content in the feed and soil which was con-
aminated by illegal fly ash landfills should be paid more attention
o.
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