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a b s t r a c t

Thermal treatment technology was used to remove polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) from heavily contaminated soil. For a soil with an original PCDD/F content of 35,970 ng Inter-
national Toxic Equivalents (I-TEQ)/kg, >99.99% PCDD/F removal efficiency was obtained with a primary
furnace at two different treatment temperatures (750 ◦C and 850 ◦C), while a secondary furnace at 1200 ◦C

◦ ◦
eywords:
oil
CDD/Fs
hermal

gave >98% decomposition efficiency. The total PCDD/F I-TEQ contents in treated soils at 750 C and 850 C
were 1.56 ng I-TEQ/kg and 2.15 ng I-TEQ/kg, respectively, which were far below the soil pollution standard
of Taiwan (1000 ng I-TEQ/kg soil). Although air pollution control devices had significant effects on the
removal of PCDD/Fs, the total I-TEQ concentrations in the upstream flue gas of PUF cartridge at 750 ◦C and
850 ◦C (2.61 ng I-TEQ/Nm3 and 2.38 ng I-TEQ/Nm3, respectively) were still higher than the stationary emis-
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. Introduction

In the 1950s, a production factory (abbreviation as CPDC-ASS)
or pentachlorophenol (PCP) was established in Tainan City, Taiwan,
o manufacture chemicals for fungicides, versatile wood preser-
atives and disinfectants for industrial, agricultural and domestic
pplications. Due to adverse effects on humans and the environ-
ent, associated with PCP and its derivatives, their use was banned

y many developed countries (Sweden in 1978, UK in 1981 and
ermany in 1986) [1–3].

The CPDC-ASS was closed down in 1982; however, PCP
nd its production residues, polychlorinated dibenzo-p-dioxins
nd dibenzofurans (PCDD/Fs) and Hg, were left behind or in
pen dumps without proper treatment [4]. Due to the neces-
ity of site remediation, in 2004, the Environmental Protection
gency (EPA) of Taiwan sampled the site and its surround-
ngs to estimate the extent of contamination of the local
nvironment. According to the EPA reports, high contents of
CP (0.312–110 mg/kg), PCDD/Fs (36,000 ng I-TEQ/kg) and Hg
0.212–12,000 mg/kg) were detected in an area around the factory.

∗ Corresponding author. Tel.: +886 6 2050110; fax: +886 6 2050540.
E-mail address: ssi10@mail.ksu.edu.tw (S.-I. Shih).
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.5 ng I-TEQ/Nm ). The above results also suggested that additional APCDs,
on in front of the filter are needed to enhance PCDD/F removal efficiency.

© 2008 Elsevier B.V. All rights reserved.

uch results indicated that the soils were heavily contaminated
5].

In general, PCDD/Fs are not produced intentionally; PCDD/Fs are
by-product of PCP production (i.e., during thermal decomposition
r uncontrolled incineration) [1,6–8]. Because of their low volatility
nd limited solubility in water, the PCDD/F congeners are deposited
nto soil and are extremely persistent in the environment [9]. For
xample, the half-life of 2,3,7,8-TCDD is 1–10 years in soils [10], thus
roviding the potential for adverse effect on human health and the
nvironment [11–12].

Recently, several technologies have been developed and applied
o the remediation of PCDD/Fs contaminated soil, including phys-
cal/chemical, thermal and biological technologies [13–17]. The
hoice of treatment depends on toxicity removal efficiency, detoxi-
cation of soils and energy consumption rates. Of these, the thermal
emediation process is usually preferred, due to advantages of relia-
ility, high capacity and lower cost [14]. There have been numerous
tudies of thermal treatment technology applied to soils, contam-
nated by Hg [18–19], various organic chemicals [20–22] and fly

sh [23]. However, few studies have reported thermal treatment
echnology in PCDD/F-contaminated soils.

This paper investigated the behavior of PCDD/Fs when the con-
aminated soil was explored in a thermal treatment system. The
ffects of two thermal treatment temperatures (750 ◦C and 850 ◦C)

http://www.sciencedirect.com/science/journal/03043894
mailto:ssi10@mail.ksu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.02.113
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n the PCDD/F contents of contaminated soils were evaluated.
articularly, for examining the efficiencies of three different air
ollution control devices (APCDs) on PCDD/F removal, the mass
istributions and removal efficiencies of PCDD/Fs in these APCDs
ere determined.

. Experimental

.1 Soil samples

The soil samples were from the contaminated area in the
PDC-ASS, containing PCP, PCDD/F and Hg residues. The sam-
ling method was based on the National Environment Analysis
ethod of Taiwan (NIEA SS102.60B). The samples had leaves,

runks, branches and large stones removed and were then dried
n the air for 7–10 days. All results in this study were reported on
ry basis.

.2 Laboratory thermal treatment system

The laboratory-scale thermal treatment system consisted of a
rimary furnace, a secondary furnace, and a set of APCDs, which

ncluded a cooling unit (to collect condensed water with dissolved
CDD/Fs and certain amount of dust), a filter (to collect parti-
les) and three glass cartridges (plugged with polyurethane foam
PUF) in sequence to collect gas phase PCDD/Fs) as illustrated
n Fig. 1 [24]. To ensure that the gaseous PCDD/Fs are insignifi-
ant, three separate tests were performed by measuring PCDD/Fs
n the last stage of the PUF cartridge. The results showed that
2% of PCDD/F mass was found at the last stage of the PUF car-
ridge.

As mentioned previously, the soil samples were contaminated
y both PCDD/Fs and Hg. Due to their toxicity and associated
dverse health effects, both PCDD/Fs and Hg should be removed
rom these soils. Pretests were carried out to observe the behav-
or of Hg at different temperatures. There was greater removal
fficiency of Hg at a higher temperature. When the temperature
as 750 ◦C, the removal efficiency of Hg was >99.5%. Based on

hese results, the two temperatures (750 ◦C and 850 ◦C) were cho-
en.

A graphite crucible, containing 40 g of soil was placed in
he primary furnace. The crucible inside diameter was 70 mm
nd height 95 mm. The experiments were performed by rais-
ng the primary furnace temperature at 5 ◦C min−1 from room
emperature and maintaining at 750 ◦C or 850 ◦C, respectively,
or 1 h. This ensured that after the thermal process, more than
9.95% of the Hg was removed from the feed soil. The tem-
erature of the secondary furnace was constant at 1,200 ◦C.
aseous samples were withdrawn after the secondary furnace at
2 L min−1

, and the residence time of the gas stream in the sec-

ndary furnace was approximately 3 s. The batch experiment was
epeated twice for consistency. After the thermal treatment exper-
ments, the soil, aqueous, particulate, and the flue gas samples

ere collected and analyzed for PCDD/F contents or concentra-
ions.

c
i
w
t
e

able 1
olume or weight of samples collected to be extracted in treated soil, cooling unit, filter a

n = 2)

reated soil Cooling Unit

50 ◦C (g) 850 ◦C (g) 750 ◦C (mL) 850 ◦C (mL)

2.9 21.4 121 115
Fig. 1. Sketch of the thermal treatment system.

.3 PCDD/F analysis

There are four kinds of samples to be analyzed in the present
tudy. Volume or weight of samples collected to be extracted for
nalyses in treated soil, cooling unit, filter and PUF cartridge at
50 ◦C and 850 ◦C thermal treatment temperature, respectively, are

isted in Table 1.
Samples collected from cooling unit were divided into two parts.

he first one was called solution part A, which was collected directly
ia condenser; it was aqueous solution and contained dissolved
CDD/Fs and certain amount of solid dusts. In the 750 ◦C and 850 ◦C
reatment temperature, the mean collected volume of solution part
were 21 mL and 15 mL, respectively. Another one was called solu-

ion part B, which was collected due to tube washing by using
-hexane. Normally, the volume of solution part B was 100 mL. The
olution part A and B were pooled together, filtered the particulates
nd shaken for the liquid/liquid extraction and then for the PCDD/F
nalyses. Solution part B was the major part of PCDD/F mass col-
ected from the cooling unit, while the PCDD/F mass contributed
y solution part A was less than 3% of total (summation of solution
art A and B).

Analyses were performed in a laboratory certified in Taiwan
o analyze PCDD/Fs. Each sample was spiked with a known stan-
ard and extracted for 24 h. Then the extract was concentrated
nd treated with sulfuric acid; followed by a series of cleanup
nd fractionation procedures. A standard solution was added to
he sample before PCDD/F analysis to estimate recovery during
nalysis. A high resolution gas chromatography with mass spec-
rometer (HRGC/MS) was used to determine the concentrations
f 17 individual PCDD/Fs. The HRGC was equipped with a DB-5
used silica capillary column (L = 60 m, i.d. = 0.25 mm, film thick-
ess = 0.25 �m) and splitless injection. The oven temperature was
rogrammed as follows: initial temperature at 150 ◦C, increased
o 220 ◦C at 30 ◦C min−1, then increased to 240 ◦C at 1.5 ◦C min−1,
hen increased to 310 ◦C at 1.5 ◦C min−1. Helium was used as the
arrier gas. The HRMS was equipped with a positive electron

mpact source. The analyzer mode was selected ion monitoring

ith resolving power at 10,000. The electron energy and the source
emperature were set at 35 eV and 250 ◦C, respectively. The recov-
ries for the 17 individual PCDD/Fs compounds were 60–115%.

nd PUF cartridge at 750 ◦C and 850 ◦C thermal treatment temperature, respectively

Filter PUF cartridge

750 ◦C (g) 850 ◦C (g) 750 ◦C (set) 850 ◦C (set)

0.0524 0.0133 3 3
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Table 2
PCDD/F contents in feed soil, treated soil and their removal efficiencies at 750 ◦C

PCDD/PCDFs (ng/kg
of soila)

Feed soil Treated soil Removal
efficiency

2,3,7,8-TeCDD 159.2 <0.0171b ∼100
1,2,3,7,8-PeCDD 712.7 <0.0135b ∼100
1,2,3,4,7,8-HxCDD 1,080 <0.0257b ∼100
1,2,3,6,7,8-HxCDD 2,406 <0.0323b ∼100
1,2,3,7,8,9-HxCDD 2,149 0.0629 99.9983
1,2,3,4,6,7,8-HpCDD 110,000 0.734 99.9996
OCDD 2,155,000 8.07 99.9998
2,3,7,8-TeCDF 43,890 11.3 99.9852
1,2,3,7,8-PeCDF 45,790 0.868 99.9989
2,3,4,7,8-PeCDF 29,060 0.559 99.9989
1,2,3,4,7,8-HxCDF 63,150 0.278 99.999
1,2,3,6,7,8-HxCDF 15,710 0.197 99.9992
2,3,4,6,7,8-HxCDF 2,046 0.162 99.9955
1,2,3,7,8,9-HxCDF 6,379 <0.0282b ∼100
1,2,3,4,6,7,8-HpCDF 93,190 1.10 99.9993
1,2,3,4,7,8,9-HpCDF 11,530 0.129 99.9994
OCDF 656,600 3.23 99.9997

PCDDs 2,272,000 8.87 99.9998
PCDFs 967,400 17.8 99.999
PCDDs/PCDFs ratio 2.35 0.496 —
Total PCDD/Fs 3,239,000 26.7 99.9995

PCDDs ng I-TEQ/kg 4,334 0.0227 99.9997
PCDFs ng I-TEQ/kg 31,640 1.54 99.9972
PCDDs/PCDFs I-TEQ
ratio

0.14 0.0148 —

Total ng I-TEQ/kg 35,970 1.56c 99.9975

a Dry basis.

c

3

3

a

Table 3
PCDD/F contents in feed soil, treated soil and their removal efficiencies at 850 ◦C

PCDD/PCDFs (ng/kg
of soila)

Feed soil Treated soil Removal
efficiency

2,3,7,8-TeCDD 159.2 <0.0156b ∼100
1,2,3,7,8-PeCDD 712.7 0.0804 99.9940
1,2,3,4,7,8-HxCDD 1,080 <0.0394b ∼100
1,2,3,6,7,8-HxCDD 2,406 0.131 99.9971
1,2,3,7,8,9-HxCDD 2,149 0.0822 99.9980
1,2,3,4,6,7,8-HpCDD 110,000 2.82 99.9986
OCDD 2,155,000 19.1 99.9995
2,3,7,8-TeCDF 43,890 14.0 99.9830
1,2,3,7,8-PeCDF 45,790 0.944 99.9989
2,3,4,7,8-PeCDF 29,060 0.931 99.9983
1,2,3,4,7,8-HxCDF 63,150 0.292 99.9998
1,2,3,6,7,8-HxCDF 15,710 0.292 99.9990
2,3,4,6,7,8-HxCDF 2,046 <0.0464b ∼100
1,2,3,7,8,9-HxCDF 6,379 0.372 99.9969
1,2,3,4,6,7,8-HpCDF 93,190 2.92 99.9983
1,2,3,4,7,8,9-HpCDF 11,530 0.191 99.9991
OCDF 656,600 7.68 99.9994

PCDDs 2,272,000 22.2 99.9995
PCDFs 967,400 27.7 99.9985
PCDDs/PCDFs ratio 2.35 0.805 –
Total PCDD/Fs 3,239,000 49.7 99.9992

PCDDs ng I-TEQ/kg 4,334 0.108 99.9987
PCDFs ng I-TEQ/kg 31,640 2.04 99.9966
PCDDs/PCDFs I-TEQ
ratio

0.14 0.0532 –

Total ng I-TEQ/kg 35,970 2.15 c 99.9968

a Dry basis.
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b Method detection limit (MDL).
c In case the measurement lower than MDL, then neglect the contribution of that

ongener.

. Results and discussion
.1 PCDD/Fs in the feed and treated soils

Tables 2 and 3 list the mean PCDD/F contents in the feed
nd treated soils and their removal efficiencies at treatment

P
c
F
(

able 4
CDD/F mass in feed soil, treated soil, and collected by each APCD at 750 ◦C

CDD/Fs (pg) Feed soil Treated soil

,3,7,8-TeCDD 6,368 <0.4
,2,3,7,8-PeCDD 28,508 <0.3
,2,3,4,7,8-HxCDD 43,200 <0.6
,2,3,6,7,8-HxCDD 96,240 <0.7
,2,3,7,8-HxCDD 85,960 0.8
,2,3,4,6,7,8-HpCDD 4,400,000 9.6
CDD 86,200,000 105.8
,3,7,8-TeCDF 1,755,600 148.6
,2,3,7,8-PeCDF 1,831,600 11.4
,3,4,7,8-PeCDF 1,162,400 7.3
,2,3,4,7,8-HxCDF 2,526,000 3.6
,2,3,6,7,8-HxCDF 628,400 2.6
,3,4,6,7,8-HxCDF 81,840 2.1
,2,3,7,8,9-HxCDF 255,160 < 0.6
,2,3,4,6,7,8-HpCDF 3,727,600 14.5
,2,3,4,7,8,9-HpCDF 461,200 1.7
CDF 26,264,000 42.4

CDDs 90,880,000 116.3
CDFs 38,696,000 233.6
CDDs/PCDFs ratio 94 11.4
otal PCDD/Fs 129,560,000 350.4

CDDs pg I-TEQ 173,360 0.3
CDFs pg I-TEQ 1,265,600 20.1
CDDs/PCDFs (I-TEQ) ratio 5.6 0.3
otal pg I-TEQ 1,438,800 20.4
b Method detection limit (MDL).
c In case the measurement lower than MDL, then neglect the contribution of that

ongener.

emperature of 750 ◦C and 850 ◦C, respectively. To assess the tox-
cologically relevant information on PCDD/Fs, the I-TEQ values for

CDD/Fs were calculated by using the contents of seventeen 2,3,7,8-
hlorinated congeners and their International Toxicity Equivalency
actors (I-TEFs). The means of total PCDD/F and total I-TEQ contents
summation of 17 individual PCDD/Fs and TEQs) in the feed soil

Cooling unit Filter PUF cartridge

426.0 32.3 182.3
1,041.2 155.2 583.9
960.1 196.6 740.6
1,379.6 300.7 1,043.4
1,223.3 265.7 984.2
9,795.0 2,012.9 8,217.1
18,195.4 3,082.8 22,051.4
4,530.7 374.1 1,907.5
5,319.5 728.8 3,174.5
6,986.1 1,192.1 4,392.6
12,137.9 2,159.7 8,221.7
10,702.2 1,871.2 6,601.9
7,323.8 1,504.8 5,198.1
597.5 71.9 391.5
51,082.1 9,404.6 34,621.8
7,399.3 844.7 3,035.9
60,700.9 5,190.6 24,244.7

33,020.6 6,046.1 33,803.0
166,780.1 23,342.4 91,790.2
0.2 0.3 0.4
199,800.7 29,388.5 125,593.2

1,402.7 206.6 835.5
7,879.2 1,333.7 4,966.1
0.2 0.2 0.2
9,281.8 1,540.2 5,801.6
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above results were similar to those by Kim et al. [28]. However, it
Fig. 2. Congener profiles of PCDD/Fs in the contaminated feed soil.

ere 3,239,000 ng/kg and 35,970 ng I-TEQ/kg, respectively. Thus
he mean total PCDD/F I-TEQ contents in the feed soil greatly
xceeded the soil pollution standard of the Taiwan EPA (1000 ng I-
EQ/kg) [25]. The above results showed the CPDC-ASS is a heavily
CDD/F-contaminated site. The PCDDs/PCDFs ratio in the feed soil
as 2.35 (Table 2), indicating that more PCDDs were produced

han PCDFs by the precursor reaction from pentachlorophenol
PCP).

The congener profiles of the 17 PCDD/Fs were selected to char-
cterize the dominant species and possible formation mechanisms.
ach selected congener was normalized by dividing its content by
hat of the summation of the 17 PCDD/F congeners. The congener
rofiles of PCDD/Fs in the feed soil were shown in Fig. 2. Out of
he total 3,239,000 ng/kg, OCDD, OCDF, 1,2,3,4,6,7,8-HpCDD, and
,2,3,4,6,7,8-HpCDF were the top four dominated congeners in the
eed soil. These results were very similar to previous studies that
eported PCDD/F in PCP contaminated soil was characterized by
ongener profiles dominated by OCDD/F and Hp-CDD/Fs [26].

At the thermal treatment temperature of 750 ◦C and 850 ◦C, the
ean total PCDD/F contents in the treated soils were 26.7 ng/kg

nd 49.7 ng/kg, respectively, while those of total PCDD/F I-TEQ were
.56 ng I-TEQ/kg and 2.15 ng I-TEQ/kg, respectively (Tables 2 and 3).
ompared with the feed soils, after thermal treatment, the PCDD/F
ontents were reduced very significantly in the treated soil. In addi-
ion, the total I-TEQ contents in these two treated soils at above two
emperatures were far below the soil pollution regulated standard
n Taiwan (1000 ng I-TEQ/kg).

The PCDD/F removal efficiency (RE) for a contaminated
oil was calculated according to the following formula:
E = [(A − B)/A] × 100%, where RE (%) is removal efficiency for
he contaminated soil, A is the PCDD/F mass in the feed soil and B
s that in the treated soil at either 750 ◦C or 850 ◦C (Tables 2 and 3).
t treatment temperature of 750 ◦C, the RE (%) of total PCDD/Fs
nd total PCDD/F-I-TEQ were significantly up to 99.9995% and
9.9975%, respectively, which were similar to those of at 850 ◦C.
mong 17 PCDD/F congeners, only the 2,3,7,8-TeCDF had lower REs

99.9852% at 750 ◦C and 99.9830% at 850 ◦C). The above results

howed that thermal treatment for PCDD/F contaminated soil at
50 ◦C or 850 ◦C for 1 h was well enough for PCDD/F removal from
ontaminated soil.

i
a
r

ig. 3. Congener profiles of PCDD/Fs in the treated soil (a) at 750 ◦C and (b) at 850 ◦C
hermal treatment temperature, respectively.

After 750 ◦C and 850 ◦C thermal treatment, the PCDDs/PCDFs
atios in treated soil were 0.496 and 0.805, respectively, indicating
hat contents of PCDFs were higher than PCDDs. The above results
iffered from that of feed soil, where PCDFs content was lower than
CDDs (PCDDs/PCDFs ratio was 2.35). In addition, after thermal
reatment, in the treated soil, contents of the lower chlorinated
CDDs (i.e. 2,3,7,8-TeCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD and
,2,3,6,7,8-HxCDD) were very low, and in several cases below the
etection limit. This was probably due that PCDFs have the closed-
hell configuration of delocalized electrons and thus increase their
hemical stability [23]. Therefore, when thermal energy was added,
he degradation of PCDDs was more rapid than PCDFs. The above
esults were similar to those of Visez and Sawerysyn [27], who
ound that no detectable PCDDs remained after thermal treatment,
hile 30% of PCDFs were still present. The increase in proportion

f PCDFs in the treated soil could be also a result of formation of
CDFs from other constituents during the cooling process (de novo
ynthesis).

The congener profiles of PCDD/Fs in the treated soil at 750 ◦C
nd 850 ◦C are in Fig. 3. The more stable octa-chlorinated con-
eners (OCDD and OCDF) have lower vapor pressures and were
redominant in the treated soil compared to other congeners. The
s interesting that lower chlorinated PCDF (2,3,7,8-TeCDF) became
n abundant congener in the treated soil. Possibly the higher chlo-
inated congeners were not only destroyed in the thermal process,



224 W.-J. Lee et al. / Journal of Hazardous Materials 160 (2008) 220–227

ream fl

b
c

3

l
o
a
c
T
a
m
d
a
6

f
e
p
f
d
c
t
t
c
i
a

Fig. 4. Congener profiles of PCDD/Fs in the upst

ut also reacted and enhanced the formation of lower chlorinated
ongeners by dechlorination [23].

.2 Distributions of PCDD/F mass

After the thermal treatment process, the survival PCDD/F mass
eaving secondary furnace was partitioned into three phases: aque-
us (condensed water containing dissolved PCDD/Fs and certain
mount of solid dust), particulate and gaseous phases; they were
ollected in the cooling unit, filter and PUF cartridge, respectively.
ables 4 and 5 list the PCDD/F mass collected by cooling unit, filter

nd PUF cartridge at 750 ◦C and 850 ◦C, respectively. After treat-
ent of the 1,200 ◦C secondary furnace, the total PCDD/F I-TEQ mass

istribution in cooling unit, filter and PUF cartridge at two temper-
tures (750 ◦C and 850 ◦C) were 55.8%, 9.3%, 34.9% and 26.5%, 12.6%,
0.9%, respectively (Tables 6 and 7). The cooling unit had the highest

a
r
n
a
r

ue gas of cooling unit, filter and PUF cartridge.

raction (55.8%) at 750 ◦C, whereas the PUF cartridge had the high-
st fraction (60.9%) at 850 ◦C. The probable reason for the elevated
artitions for cooling unit is that, at 750 ◦C, more PCDD/F mass were
ormed in form of particulate coating on the wall of cooling unit by
e novo synthesis during cooling down process. Since PCDD/Fs
ould be removed by APCDs and it is assumed that PCDD/Fs were
otally captured by these three APCDs (i.e. the removal efficiency of
he PUF cartridge was 100%), the PCDD/F removal efficiencies were
alculated based on the following: removal efficiency (%) in cool-
ng unit = C/(C + D + E) × 100%; in filter = D/(D + E) × 100%, where C, D,
nd E are the mass of PCDD/Fs collected by the cooling unit, filter,

nd PUF cartridge, respectively. Based on the above definition, the
emoval efficiencies of total PCDD/Fs (emitted from secondary fur-
ace) by the cooling unit and filter at 750 ◦C were 56.3% and 19.0%
nd those at 850 ◦C were 26.3% and 17.2%, respectively. These results
evealed that, although the APCDs did not have very high removal
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Table 5
PCDD/F mass in feed soil, treated soil, and collected by each APCD at 850 ◦C

PCDD/Fs (pg) Feed soil Treated soil Cooling unit Filter PUF cartridge

2,3,7,8-TeCDD 6,368 <0.3 89.9 16.3 145.2
1,2,3,7,8-PeCDD 28,508 0.9 276.4 104.8 591.9
1,2,3,4,7,8-HxCDD 43,200 <0.8 290.0 169.6 868.2
1,2,3,6,7,8-HxCDD 96,240 1.5 407.6 229.4 1,153.2
1,2,3,7,8-HxCDD 85,960 0.9 379.1 206.0 1,034.1
1,2,3,4,6,7,8-HpCDD 4,400,000 32.3 2,934.6 1,837.1 10,057.0
OCDD 86,200,000 218.3 6,291.9 3,100.2 17,957.5
2,3,7,8-TeCDF 1,755,600 160.1 1,084.4 199.0 1,346.1
1,2,3,7,8-PeCDF 1,831,600 10.8 1,482.1 516.3 2,717.6
2,3,4,7,8-PeCDF 1,162,400 10.7 1,787.5 841.8 4,081.1
1,2,3,4,7,8-HxCDF 2,526,000 3.3 3,713.3 1,927.6 8,663.5
1,2,3,6,7,8-HxCDF 628,400 3.3 3,114.0 1,600.1 7,044.0
2,3,4,6,7,8-HxCDF 81,840 <1.0 1,973.0 1,219.1 5,612.4
1,2,3,7,8,9-HxCDF 255,160 4.3 157.6 61.3 310.6
1,2,3,4,6,7,8-HpCDF 3,727,600 33.4 15,667.2 8,960.4 40,529.4
1,2,3,4,7,8,9-HpCDF 461,200 2.2 1,753.8 783.4 3,538.2
OCDF 26,264,000 88.0 14,517.2 5,130.9 24,071.0

PCDDs 90,880,000 254.7 10,669.6 5,663.3 31,807.1
PCDFs 38,696,000 316.7 45,250.1 21,240.0 97,914.0
PCDDs/PCDFs ratio 94 17.2 0.2 0.3 0.3
Total PCDD/Fs 129,560,000 569.2 55,919.7 26,903.3 129,721.0
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CDDs pg I-TEQ 173,360 1.2
CDFs pg I-TEQ 1,265,600 23.3
CDDs/PCDFs (I-TEQ) ratio 5.6 1.1
otal pg I-TEQ 1,438,800 24.6
fficiencies of total PCDD/Fs, they did significantly reduce PCDD/F
missions.

Decomposition of PCDD/Fs in the 1,200 ◦C secondary furnace
as mostly a chemical reaction process. The PCDD/F decomposition

able 6
ass distributions of PCDD/Fs in cooling unit, filter and PUF cartridge at 750 ◦C

hermal treatment temperature (n = 2)

CDD/Fs Cooling unit (%) Filter (%) PUF cartridge (%) Total (%)

,3,7,8-TeCDD 66.5 5.0 28.5 100
,2,3,7,8-PeCDD 58.5 8.7 32.8 100
,2,3,4,7,8-
xCDD

50.6 10.4 39.0 100

,2,3,6,7,8-
xCDD

50.7 11.0 38.3 100

,2,3,7,8,9-
xCDD

49.5 10.7 39.8 100

,2,3,4,6,7,8-
pCDD

48.9 10.1 41.0 100

CDD 42.0 7.1 50.9 100
,3,7,8-TeCDF 66.5 5.5 28.0 100
,2,3,7,8-PeCDF 57.7 7.9 34.4 100
,3,4,7,8-PeCDF 55.6 9.5 34.9 100
,2,3,4,7,8-
xCDF

53.9 9.6 36.5 100

,2,3,6,7,8-
xCDF

55.8 9.8 34.4 100

,3,4,6,7,8-
xCDF

52.2 10.7 37.1 100

,2,3,7,8,9-
xCDF

56.3 6.8 36.9 100

,2,3,4,6,7,8-
pCDF

53.7 9.9 36.4 100

,2,3,4,7,8,9-
pCDF

65.6 7.5 26.9 100

CDF 67.3 5.8 26.9 100

CDDs 45.3 8.3 46.4 100
CDFs 59.2 8.3 32.6 100
otal PCDD/Fs 56.3 8.3 35.4 100

CDDs I-TEQ 57.4 8.5 34.2 100
CDFs I-TEQ 55.6 9.4 35.0 100
otal I-TEQ 55.8 9.3 34.9 100
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365.8 147.9 849.1
2,147.7 1,045.4 4,917.2

0.2 0.1 0.2
2,513.5 1,193.3 5,766.3
fficiencies were calculated according to the following formula:
E = [1 − (C + D + E)/(A − B)] × 100%, where DE (%) is decomposition
fficiency of the PCDD/Fs in the secondary furnace, A, B, C, D and E
ere the PCDD/F mass in the feed soil, in the treated soil, collected

able 7
ass distributions of PCDD/Fs in cooling unit, filter and PUF cartridge at 850 ◦C

hermal treatment temperature (n = 2)

CDD/Fs Cooling unit (%) Filter (%) PUF cartridge (%) Total (%)

,3,7,8-TeCDD 35.8 6.5 57.8 100
,2,3,7,8-PeCDD 28.4 10.8 60.8 100
,2,3,4,7,8-
xCDD

21.8 12.8 65.4 100

,2,3,6,7,8-
xCDD

22.8 12.8 64.4 100

,2,3,7,8,9-
xCDD

23.4 12.7 63.9 100

,2,3,4,6,7,8-
pCDD

19.8 12.4 67.8 100

CDD 23.0 11.3 65.7 100
,3,7,8-TeCDF 41.2 7.6 51.2 100
,2,3,7,8-PeCDF 31.4 10.9 57.6 100
,3,4,7,8-PeCDF 26.6 12.5 60.8 100
,2,3,4,7,8-
xCDF

26.0 13.5 60.6 100

,2,3,6,7,8-
xCDF

26.5 13.6 59.9 100

,3,4,6,7,8-
xCDF

22.4 13.8 63.7 100

,2,3,7,8,9-
xCDF

29.8 11.6 58.7 100

,2,3,4,6,7,8-
pCDF

24.0 13.8 62.2 100

,2,3,4,7,8,9-
pCDF

28.9 12.9 58.2 100

CDF 33.2 11.7 55.1 100

CDDs 22.2 11.8 66.1 100
CDFs 27.5 12.9 59.6 100
otal PCDD/Fs 26.3 12.7 61.0 100

CDDs I-TEQ 26.8 10.9 62.3 100
CDFs I-TEQ 26.5 12.9 60.6 100
otal I-TEQ 26.5 12.6 60.9 100



226 W.-J. Lee et al. / Journal of Hazardous

Table 8
Mean decomposition efficiencies (%) of PCDD/Fs by the secondary furnace (1200 ◦C)
at 750 ◦C and 850 ◦C thermal treatment temperature in primary furnace, respectively
(n = 2)

PCDD/PCDFs 750 ◦C (%) 850 ◦C (%)

2,3,7,8-TeCDD 89.94 96.05
1,2,3,7,8-PeCDD 93.76 96.59
1,2,3,4,7,8-HxCDD 95.61 96.93
1,2,3,6,7,8-HxCDD 97.17 98.14
1,2,3,7,8-HxCDD 97.12 98.12
1,2,3,4,6,7,8-HpCDD 99.54 99.66
OCDD 99.95 99.97
2,3,7,8-TeCDF 99.61 99.85
1,2,3,7,8-PeCDF 99.50 99.74
2,3,4,7,8-PeCDF 98.92 99.42
1,2,3,4,7,8-HxCDF 99.11 99.43
1,2,3,6,7,8-HxCDF 96.95 98.13
2,3,4,6,7,8-HxCDF 82.86 89.24
1,2,3,7,8,9-HxCDF 99.58 99.79
1,2,3,4,6,7,8-HpCDF 97.45 98.25
1,2,3,4,7,8,9-HpCDF 97.55 98.68
OCDF 99.66 99.83

PCDDs 99.92 99.95
PCDFs 99.27 99.58
Total PCDD/Fs 99.73 99.84

PCDDs ng I-TEQ/kg 98.59 99.21
PCDFs ng I-TEQ/kg 98.88 99.36
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and 850 ◦C, respectively) were still higher than the stationary emis-
sion limit of the Taiwan EPA (0.5 ng I-TEQ/Nm3) [25]. The above
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otal ng I-TEQ/kg 98.84 99.34

y cooling unit, by filter and by the PUF cartridge, respectively
Tables 4 and 5). Based on its definition, PCDD/F decomposition
s used to evaluate the extent of PCDD/Fs destroyed in secondary
urnace. As shown in Table 8, in general, PCDD decomposition
fficiencies increased with higher molecular weight chlorinated
ongeners at both 750 ◦C and 850 ◦C. Higher chlorinated PCDD

ongeners could be destroyed and dechlorinated to form lower
hlorinated congeners, resulting in lower decomposition efficien-
ies of lower chlorinated congeners.

r
b
r

able 9
CDD/F concentrations in the upstream flue gas of cooling unit, filter, and PUF cartridge

CDDs/PCDFs (ng/Nm3) 750 ◦C

Cooling unit Filter PUF

,3,7,8-TeCDD 0.289 0.0967 0.0
,2,3,7,8-PeCDD 0.802 0.333 0.2
,2,3,4,7,8-HxCDD 0.855 0.422 0.3
,2,3,6,7,8-HxCDD 1.23 0.605 0.4
,2,3,7,8-HxCDD 1.11 0.563 0.4
,2,3,4,6,7,8-HpCDD 9.02 4.61 3.7
CDD 19.5 11.3 9.9
,3,7,8-TeCDF 3.07 1.03 0.8
,2,3,7,8-PeCDF 4.15 1.76 1.4
,3,4,7,8-PeCDF 5.66 2.52 1.9
,2,3,4,7,8-HxCDF 10.1 4.68 3.7
,2,3,6,7,8-HxCDF 8.64 3.82 2.9
,3,4,6,7,8-HxCDF 6.32 3.02 2.3
,2,3,7,8,9-HxCDF 0.478 0.209 0.1
,2,3,4,6,7,8-HpCDF 42.8 19.8 15.6
,2,3,4,7,8,9-HpCDF 5.08 1.75 1.3
CDF 40.6 13.3 10.9

CDDs 32.8 18.0 15.2
CDFs 127 51.9 41.3
CDDs/PCDFs ratio 0.258 0.346 0.3
otal PCDD/Fs 160 69.8 56.6

CDDs ng I-TEQ/Nm3 1.10 0.469 0.3
CDFs ng I-TEQ/Nm3 6.39 2.84 2.2
CDDs/PCDFs (I-TEQ) ratio 0.172 0.165 0.1
otal ng I-TEQ/Nm3 7.49 3.31 2.6
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After the treatment of contaminated soils, at primary fur-
ace of 750 ◦C or 850 ◦C, and secondary furnace of 1200 ◦C, the
CDD/F mass survived after the secondary furnace was approxi-
ately 0.274% of PCDD/F mass in the feed soil. This result indicated

hat the combination of both primary (750 ◦C or 850 ◦C) and sec-
ndary furnace temperature (1200 ◦C) had a great efficiency in
CDD/F decomposition. Exception of insufficient removal efficiency
f APCDs, after secondary furnace, the de novo synthesis of PCDD/Fs
ay occur during the cooling down process. A preliminary experi-
ent were undertaken to evaluate the PCDD/F reformation caused

y de novo synthesis during cooling down process. Results indi-
ated that the contents of PCDD/Fs after thermal treatment from
50 ◦C to 25 ◦C were approximately 50 times higher than those
efore thermal treatment, meaning that de novo synthesis did
ccur very significantly during the cooling process of gas streams.
fter secondary furnace, the increase of PCDD/F mass due to the de
ovo (F mass) was approximately 50 times more than that no de
ovo synthesis. If the F mass was not included in the calculation
f decomposition efficiency (DE) in secondary furnace, the DE (%)
n secondary furnace will be 99.987% and 99.978% at 750 ◦C and
50 ◦C, respectively, which were very close to 99.999%.

.3 PCDD/F concentrations in the upstream flue gas of each APCD

At 750 ◦C treatment temperature, the total PCDD/Fs I-TEQ con-
entrations in the upstream flue gas of cooling unit, filter, and PUF
artridge were 7.49 ng/Nm3, 3.31 ng/Nm3 and 2.61 ng/Nm3, respec-
ively, while those at 850 ◦C were 3.91 ng/Nm3, 2.88 ng/Nm3 and
.38 ng/Nm3, respectively (Table 9). Although after the thermal
rocess, the total PCDD/F mass was destroyed by approximately
9.726%, the total I-TEQ concentrations in the upstream flue gases of
UF cartridge (2.61 ng I-TEQ/Nm3 and 2.38 ng I-TEQ/Nm3 at 750 ◦C
esults also suggested that additional APCDs, such as activated car-
on injection in front of the filter are needed to enhance PCDD/F
emoval efficiency.

850 ◦C

cartridge Cooling unit Filter PUF cartridge

821 0.104 0.0667 0.0600
63 0.402 0.288 0.245
34 0.549 0.429 0.359
70 0.740 0.571 0.477
43 0.669 0.512 0.427
0 6.13 4.91 4.16
3 11.3 8.70 7.42
59 1.09 0.638 0.556
3 1.95 1.34 1.12
8 2.77 2.03 1.69
0 5.91 4.38 3.58
7 4.86 3.57 2.91
4 3.64 2.82 2.32
76 0.219 0.154 0.128

26.9 20.5 16.7
7 2.51 1.79 1.46

18.1 12.1 9.95

19.9 15.5 13.1
67.9 49.2 40.5

68 0.293 0.314 0.325
87.8 64.7 53.6

76 0.563 0.412 0.351
4 3.35 2.46 2.03
68 0.168 0.167 0.173
1 3.91 2.88 2.38
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At 750 ◦C treatment temperature, the PCDDs/PCDFs and
CDDs/PCDFs (I-TEQ) ratios in the upstream flue gas of PUF car-
ridge were 0.368 and 0.168, respectively, while those at 850 ◦C
ere 0.325 and 0.173, respectively. Both total PCDFs and total PCDFs

-TEQ concentrations were higher than those of total PCDDs and
otal PCDDs I-TEQ, respectively. It revealed that PCDFs were the

ain contributor to total PCDD/Fs and total PCDD/Fs I-TEQ con-
entrations in the upstream flue gas of PUF cartridge. The probable
eason is that de novo synthesis of PCDD/Fs may occur during the
ooling down process and primarily form PCDFs other than PCDDs.

Congener profiles of PCDD/Fs in the flue gases in front of cooling
nit, filter and PUF cartridge, respectively, are illustrated in Fig. 4.
he top four dominated congeners were 1,2,3,4,6,7,8-HpCDF, OCDF,
CDD and 1,2,3,4,6,7,8-HpCDD. During the thermal treatment pro-
ess, the PCDD/Fs displayed a different reaction characteristic in the
olid (soil) (Fig. 3) and gas (flue gas) phases (Fig. 4), respectively.
oth 1,2,3,4,6,7,8-HpCDF and OCDF were the most two dominant
ongeners in the flue gases, while those in the treated soils were
,3,7,8-TeCDF and OCDD.

. Conclusions

1) Thermal treatment is an effective technology to remove
PCDD/Fs from heavily contaminated soils (3,239,000 ng/kg
and 35,970 ng I-TEQ/kg). Removal efficiency of >99.99% was
obtained at two primary furnace temperatures (750 ◦C and
850 ◦C), while >98% of decomposition efficiency was achieved
by using a secondary furnace at 1200 ◦C. Moreover, the total
I-TEQ contents in treated soils at 750 ◦C and 850 ◦C (1.56 ng I-
TEQ/kg and 2.15 ng I-TEQ/kg, respectively) were far below the
soil pollution standard of Taiwan (1000 ng I-TEQ/kg).

2) The mean PCDDs/PCDFs ratio in the feed soil was 2.35, indicat-
ing that more amount of PCDD mass were produced than that of
PCDFs by the precursor reaction from pentachlorophenol (PCP).

3) After 750 ◦C and 850 ◦C thermal treatment, the PCDDs/PCDFs
ratios in treated soil were 0.496 and 0.805, respectively, indi-
cating that contents of PCDFs were higher than PCDDs. The
above results revealed that when thermal energy was added,
the degradation of PCDDs in soil was more rapid than PCDFs
and the formation of PCDFs during the soil cooling process due
to the de novo synthesis might occur.

4) The total I-TEQ concentrations in the upstream flue gas of
PUF cartridge at 750 ◦C and 850 ◦C (2.61 ng I-TEQ/Nm3 and
2.38 ng I-TEQ/Nm3, respectively) were still higher than the Tai-
wan stationary emission limit (0.5 ng I-TEQ/Nm3). The above
results also suggested that additional APCDs, such as activated
carbon injection in front of the filter are needed to enhance
PCDD/F removal efficiency.
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