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Abstract Effects of carbon concentration and Cu additive

in simulated fly ash (SFA) and real fly ash (RFA) on the

formation of polychlorinated dibenzofurans (PCDFs),

polychlorinated dibenzo-p-dioxins (PCDDs), chloroben-

zenes, and polychlorinated biphenyls which were all

regarded as persistent chlorinated aromatics in iron ore

sintering were investigated. In the annealing process of

SFA with various carbon contents, the yield of chlorinated

aromatics and the I-TEQ obtained their maximum at

10 wt% carbon content. Active carbon in SFA acted as the

carbon source as well as an adsorbent which led to higher

production of PCDD/F in solid phase at 10 wt% carbon

content. The increase of carbon content will be beneficial

on the formation of 2,3,7,8-Chloro-substituted PCDF

compared with 2,3,7,8-Chloro-substituted PCDD. In addi-

tion, the CuCl2�2H2O was a much more powerful catalyst

in the formation of chlorinated aromatic compounds com-

pared with elementary Cu, since it served as both a catalyst

and a chlorine donor. However, the RFA behaved similarly

with SFA with elementary Cu in the formation of chlori-

nated aromatic compounds. The effect of carbon content

and copper additives on formation of 2,3,7,8-chloro-sub-

stituted congeners displayed similar characteristics with the

tetra- to octa-PCDD/F isomers and even the total PCDD/

Fs.

Keywords Sintering � Fly ash � Carbon concentration �
Cu additive � PCDD/Fs

Introduction

Dioxins are the typical and toxic persistent aromatic

compounds, composed of polychlorinated dibenzofurans

(PCDFs), polychlorinated dibenzo-p-dioxins (PCDDs), and

coplanar polychlorinated biphenyles (PCBs) [1]. Most

dioxins are produced in the thermal treatment process, such

as combustion, incineration, and metallurgical processes

[2–4].

Dioxins are first discovered in the fly ash and flue gas in

municipal solid waste incineration (MSWI) by Olie and

Hutzinger [5]. Then, dioxin formation mechanism and

pathway in the MSWI were investigated widely, and the

emission control principles and technologies were also

carried out in MSWI in the developed countries. As a

consequence, iron ore sintering process became the most

important sources of dioxins [6]. In 1995, in China, the

produced dioxins in the iron ore sintering process

accounted about 10 % of the total emissions [7], becoming

the most dominated source of dioxins.

The mechanisms of dioxin formation can be summa-

rized in three main pathways [6, 8]: (1) the homogeneous

gas-phase reactions at high temperature of more than
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500 �C, the heterogeneous gas–solid reactions at low

temperature between 200 and 500 �C, including, (2) the

precursor pathway which means that dioxins are mainly

generated from precursors, such as chlorophenols,

chlorobenzenes (CBzs), and diphenyl ethers [9], and (3) the

de novo synthesis which means that dioxins are generated

at 300–350 �C in the presence of carbon source, chloride

source, and metal catalysts (Cu, Fe, etc.) [10]. The dioxin

formation mechanism in the iron ore sintering is quite

different from that of MSWI which might be caused by the

different combustion technologies and raw materials

between the two thermal treatment process. The sintering

bed is divided vertically into four layers of sintering layer,

combustion layer, dry layer, and moist layer. Dioxins are

mainly generated by de novo synthesis from the dry layer

[10, 11]. The dry zone of the sintering bed possesses the

suitable raw materials and conditions for the de novo

dioxin formation.

Carbon source is an essential factor in de novo dioxin

formation. The type, size, concentration, and structure of

the carbon source will all influence dioxin formation

[12–14]. Coke had a similar structure with active carbon

and had abundant specific surface area. It could be

decomposed to carbon residue which could promote the

formation of PCDD/Fs. Kawaguchi et al. [15] studied the

effect of coke particle size on the formation of PCDD/Fs.

The result indicated that the yield of PCDD/Fs increased

almost ten times with the particle size of coke decreasing

from 3 to 0.2–0.5 mm. Iino et al. [16, 17] treated the sim-

ulated fly ash (PAHs 0.1 %, CuCl2 5 %) at 400 �C in

atmosphere of 10 % O2. PAHs which served as the carbon

source reacted to generate 1,2,8,9-TCDF by the ring

cleavage reaction and de novo synthesis. Ryan and Alt-

wicker [18] tested the PCDD/Fs formation in the carbon

mode system in the presence of five different carbon sources

of activated carbon, graphic powder, two carbon blacks, and

Spherocarb. The results showed that the effect of different

carbon source in the PCDD/Fs formation was quite different

which might be attributed to the morphology of the carbon.

Activated carbon exhibited the most activity in the PCDD/

Fs formation among all the carbon tested. Stieglitz et al.

[19] investigated the effect of carbon concentration on the

formation of PCDD/Fs, and discovered that the production

of PCDD/Fs in the annealing process of fly ash at 300 �C
showed a linear increase with carbon concentration

increasing to 4 wt% and then showed no further increase. In

the annealing of fly ash, just a tiny fraction of carbon was

released as PCDD/Fs. Most carbon tended to react with

oxygen and was released as oxocarbon [20].

The influence of metal catalysts on dioxin formation in

iron ore sintering process has received increasing attention,

since there exist different kinds of transition metals, such

as Fe, Ni, Cu, Cr, and Ti in the iron ore sintering process

which might influence the dioxin formation. Xhrouet [21]

demonstrated that the oxidation temperature of carbon to

CO2 decreased from[700 to 350–450 �C which might be

attributed to the presence of copper in the fly ash. Takaoka

et al. [22] investigated the effect of copper additives on the

formation of chlorinated aromatic compounds in the real

MSWI fly ash. They found that CuCl2�3Cu(OH)2 was the

most reactive in the formation of chlorinated aromatics.

Fujimori et al. [23] ranked the catalytic capacity of dif-

ferent metal compounds in forming chlorinated aromatics

as CuCl2�2H2O[Cu2(OH)3Cl[FeCl3�6H2O[FeCl2�
4H2O[CuO[ Fe2O3[ PbCl2[Blank[ZnCl2[ PbO

[ZnO. Vogg et al. [24] investigated the PCDD/Fs for-

mation by adding different metal chlorides. They demon-

strated that the formation of PCDD/F remained at blank

level (\0.5 ng/g) with FeCl2, CaCl2, and CdCl2, and still at

quite low levels using MgCl2, ZnCl2, SnCl2, MnCl2, NiCl2,

and HgCl2. However, the production of PCDD/Fs reached

25–60 ng/g with PbCl2, and relative higher amounts of

600 ng/g PCDD and 4300 ng/g PCDF with CuCl2. Mat-

sumura et al. [25] also claimed that CuCl2 was a most

active metal catalyst, with much higher PCDD/Fs pro-

ductions than CuO, Cu, and CuSO4. CuCl2 was a most

attractive metal catalyst in dioxin formation in iron ore

sintering process, since, as well as a metal catalyst, CuCl2
could also provide chlorine source which would promote

the Deacon reaction in iron ore sintering process

[19, 26, 27].

Most researchers focused on the formation of chlori-

nated aromatics in the real fly ash in iron ore sintering or

MSWI. We prepared the simulated fly ash according to the

actual composition of RFA and compared the formation

characteristics of chlorinated aromatics in the annealing of

SFA and RFA to demonstrate the probable formation

mechanism of chlorinated aromatics easily and visually.

This study investigated the influence of carbon concentra-

tion and Cu catalysts on the formation of chlorinated aro-

matics in the annealing process of fly ash.

Materials and methods

The experiment design is as follows:

1. Real fly ash (RFA) collected from an iron and steel plant

was Soxhlet extracted by toluene for about 20 h for 3

times to remove the chlorinated aromatic compounds,

and then, it was heated at 300 �C for 30 min.

2. SFA samples were prepared by mixing Fe2O3 (35 wt%

Fe), KCl (7 wt% Cl), and SiO2 matrix (other) with

different amounts of active carbon (100–150 mesh, 2,

4, and 10 wt%), and then, they were heated at 300 �C
for 30 min.
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3. SFA samples were prepared by mixing Fe2O3 (35 wt%

Fe), active carbon (4 wt% C), KCl (7 wt% Cl), and

SiO2 matrix (other) with different kinds of Cu com-

pounds of Cu or CuCl2�2H2O (1.0 wt% Cu, 100–150

mesh), and then, they were heated at 300 �C for

30 min.

All fly ash samples were mixed and grinded to fine

power with a particle size of less than 100 meshes. All

experiments were repeated (n = 3–5). The RSD was in the

range of 4.6–19.6 % and the internal standard recoveries

were in the range of 88–126 %.

Characterization of real fly ash

Real fly ash used in this research was collected from the

electrostatic precipitator (EP) of an iron and steel factory in

China. The EP dust contains the essential materials de novo

dioxin formation and is recycled in iron ore sintering [8, 21].

The RFA was analyzed by X-ray diffraction (LabX XRD-

6000, Shimadzu Co., Japan) and X-ray fluorescence (EDX-

1050, Sense instrument Co. Ltd, China) to determine the

components and ratios of RFA. Moreover, the carbon con-

centration in RFA was analyzed by the elemental analyzer

(Costech ECS 4010, Italy). TheXRD scanning range of RFA

was 10�–90�with a scanning speed of 5�/min. The XRD and

XRF results were shown in Fig. 1 and Table 1, respectively.

It can be concluded that the RFA mainly contains Fe2O3,

KCl, CaSO4, and SiO2, and the concentrations of different

elements are as follows: Fe 34.13wt%,O29.12wt%,Ca 9.94

wt%,Cl 7.07wt%,K 4.37wt%, C 3.92wt%, S 2.59wt%, and

Si 2.36 wt%. As we know, Cu compounds were effective

catalysts in the de novo formation of chlorinated aromatics.

However, the results showed that the Cu might exist as the

probable form of CuFe2O4.

Experimental system

Figure 2 shows the schematic diagram for the annealing of

fly ash. Five gram of fly ash was heated at 300 �C for

30 min in a tube furnace, (OTF-1200X, Hefei Kejing

Material Technology Co., Ltd., China). 100 mL/min of

mixed air (21 % O2 and 79 % N2, 99.999 vol.%, Beijing

Haipu Gas Co., Ltd., China) was used as the carrier gas.

The produced chlorinated aromatic compounds were

absorbed by 200 mL toluene (J.T. Baker Chemical Co.,

USA). The pretreatment procedure for CBzs and PCB

analysis was reported in the authors’ previous paper [28].

Moreover, the pretreatment of samples for PCDD/F anal-

ysis followed the US EPA Method 1613B (1997) similarly

with Liu’s publication [29]. Quantitative analysis of the 17

2,3,7,8-chloro-substituted congeners and all tetra- to octa-

chlorinated PCDD/F isomers was carried out.

Analytical methods

The produced CBzs and PCBs were analyzed according to

the US Environmental Protection Agency (USEPA)

Method 8280B by a gas chromatograph coupled with a

mass spectrometer (GCMS-QP2010, Shimadzu Co., Ltd.,

Japan). The produced PCDD/Fs were analyzed according

to the USEPA Method 1613B (1997) by a Hewlett-Packard

Model 6890 gas chromatograph coupled with an AutoSpec

Ultima mass spectrometer (Waters, USA) (HRGC-HRMS).

A DB-5 capillary column (60 m, 0.25 mm, 0.20 lm,

Agilent J&W) was used for sample separation of PCDD/Fs,

CBzs, and PCBs.

The normalized distribution patterns were calculated by

the formula as follows:

NðXCDDÞ ¼ XCDD
P

PCDD
ð1Þ

NðXCDFÞ ¼ XCDF
P

PCDF
ð2Þ

where N(XCDD) and N(XCDF) represent the normalized

distribution ratio of each PCDD and PCDF homologue,

XCDD and XCDF represent the amounts of differentFig. 1 Phase analysis of RFA by X-ray diffraction (XRD)

Table 1 Element analysis of real fly ash (RFA)

Element Wt.% Element Wt.% Element Wt.%

Fe 34.13 Si 2.36 Mn 0.17

O 29.12 F 1.59 Cu 0.08

Ca 9.94 Al 1.34 Cr 0.05

Cl 7.07 Mg 1.27 Se 0.04

K 4.37 Na 0.98 P 0.04

C 3.92 Pb 0.67 Zn 0.04

S 2.59 Br 0.20 Sr 0.01
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PCDD and PCDF homologues; and
P

PCDD and
P

PCDF represent the total amounts of PCDDs and

PCDFs.

Results and discussion

Effect of carbon content

Carbon is a basic and essential element for the formation of

chlorinated aromatics. The effect of carbon content on the

total amount of PCDDs (sum of all tetra- to octa-chlori-

nated congeners), PCDFs (sum of all tetra- to octa-chlori-

nated congeners), dioxin-like PCBs (12 kinds of dl-PCBs),

CBzs (sum of all di- to hexa-chlorinated congeners), and

PCBs (sum of all di- to deca-chlorinated congeners) was

shown in Fig. 3. The yield of PCDD, PCDF, dl-PCBs, and

CBzs all displayed increasing trend from 449 pg/g-fly ash,

260 pg/g-fly ash, 4920 pg/g-fly ash, and 558 ng/g-fly ash to

much higher values of 4779 pg/g-fly ash, 3302 pg/g-fly

ash, 7540 pg/g-fly ash, and 846 ng/g-fly ash with the car-

bon content increasing from 2 wt% to 10 wt%. The yield of

PCDD/Fs, dl-PCBs, CBzs, and PCBs all reached the

maximum at a 10 wt% carbon concentration which was

1.2–13-fold the production of chlorinated aromatics at 2

wt% carbon content.

In this research, we just focused on the isomer patterns

of PCDD/Fs. The detailed homologue distribution patterns

of CBzs and PCBs were published in the author’s another

paper [28]. The isomer patterns of PCDD/Fs in the heating

process of SFA with different carbon concentrations were

shown in Fig. 4. It was obviously observed in Fig. 4a that

the yields of almost all PCDD/F isomers showed increasing

trends with increasing carbon contents in the SFA from 2 to

10 wt%. Figure 4b shows the calculated percentage (Eqs. 1

and 2) of the PCDD/Fs homologues. It can be concluded

that with a lower carbon content of 2–4 wt%, the higher

chlorinated aromatics, such as OCDD/F and HpCDD/F,

seemed to occupy more proportions in the total PCDD/Fs.

OCDD and OCDF were the most dominant homologues,

the amounts of which accounted for 76–79 and 48–65 % in

the total PCDDs and PCDFs. However, with carbon con-

tent increasing further to 10 wt%, the distribution patterns

moved to the lower chlorinated homologues. The propor-

tions of OCDD/F and HpCDD/F decreased sharply, and

instead, the proportions of lower chlorinated aromatics as

SFA

Mass 
flowmeter 

Toluene 

AC

Ice-waterbath

N2 O2 

Fig. 2 Experiment setup for

thermal treatment of fly ash [29]

Fig. 3 Effect of carbon

concentration on the contents of

PCDD/Fs, CBzs, and PCBs
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TCDD/F and PeCDD/F increased to much higher values.

As a consequence, the TCDD/F changed to be the most

dominated homologues of PCDD/Fs. The increase of the

carbon concentration in the fly ash would increase the

adsorption ability of fly ash. Consequently, the solid-phase

reaction dominated in the formation of chlorinated aro-

matics at higher carbon concentrations which might lead to

the different reaction mechanism at lower carbon contents

and higher carbon contents [30].

Figure 5 showed the homologue distribution of PCDD/

Fs in gas and solid phases in the annealing process of SFA

with different carbon concentrations. As can be seen from

the depicted data, the chlorinated aromatics mainly

occurred in the gas phase at the lower carbon contents of

2–4 wt%. At the high carbon content of 10 wt%, the main

fraction of PCDD/Fs was found in the solid phase. Even-

tually, each PCDD/F homologue in the solid phase occu-

pied more than 50 % of its total amount. It can be

attributed to the specific porous structure and abundant

adsorption superficial area of active carbon in SFA. The

active carbon can serve as a carbon source as well as an

adsorbent [14]. Therefore, the chlorinated aromatics

mainly generate in the solid phase at a higher carbon

content of 10 wt%.

Effect of copper additive

As most researchers’ discoveries, copper, and its com-

pounds are principal catalysts in the formation of chlori-

nated aromatics [31]. In this research, the elementary Cu

and CuCl2�2H2O were selected to be the typical copper

additives in the SFA to investigate the effect of Cu cata-

lysts on the formation of chlorinated aromatics. As shown

in Fig. 6, the addition of Cu and CuCl2�2H2O in SFA

resulted in the productions of 2.3 9 103–5.7 9 104 pg

PCDDs/g-fly ash, 1.9 9 103–2.6 9 104 pg PCDFs/g-fly

ash, 2.2 9 104–3.0 9 105 pg dl-PCBs/g-fly ash,

2.8 9 104–1.0 9 106 ng CBzs/g-fly ash, and

142–5.3 9 103 ng PCBs/g-fly ash, 3.5–89-, 3.5–48-,

3.5–48-, 47–1716-, and 1.9–71-fold that of SFA without Cu

compounds, respectively. Moreover, CuCl2�2H2O exhib-

ited a much powerful catalytic effect and obtained abun-

dant chlorinated aromatic productions than elementary Cu,

consistent with the results of the previous research [32].

CuCl2�2H2O served as both a metal catalyst and a chlorine

donor. Chlorine promotes chlorination of the carbonaceous

structures to form CBzs, PCBs, and PCDD/F. On the other

hand, for SFA with elementary Cu, Cu just functioned as

catalysts, and KCl was the only chlorine source [33].

In addition, Fig. 6 also displayed the production of

chlorinated aromatics in the RFA. The amounts of chlori-

nated aromatics in the thermal treatment process of RFA

were generally higher than that of SFA without any Cu

additives except for dl-PCBs which can be attributed to the

presence of copper compounds in the RFA; however, they

were much lower than that of SFA with CuCl2�2H2O. It can

be concluded that the Cu compounds in RFA had much

worse catalytic activity that CuCl2�2H2O which corre-

sponded with the XRD result of RFA. In fact, the amounts

of chlorinated aromatics in RFA were nearly at the same

level with that in the SFA with elementary Cu. In addition,

almost all the chlorinated aromatics in RFA obtained a bit

lower productions than in SFA with Cu except the PCDF.

Figure 7 showed the isomer patterns of PCDD/Fs in the

thermal treatment process of SFA with different copper

additives and RFA. It can be concluded from Fig. 7a that

the amounts of almost all PCDD/F homologues catalyzed

by different copper additives followed the order: CuCl2-
2H2O � Cu[Blank which was similar to the total

PCDD/Fs. It can be observed from the normalized distri-

bution pattern of PCDD/Fs (Fig. 7b) that higher chlori-

nated PCDD/Fs (OCDD/F and HpCDD/F) were more

dominated homologues. OCDD and OCDF were the most

Fig. 4 Isomer patterns of PCDD/Fs with different carbon concentra-

tions in the SFA: content (a) and normalized percentage (b)
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dominant PCDD/F homologues. The proportions of OCDD

and OCDF ranged at 86–94 and 63–76 % for SFA with and

without copper additives as well as for RFA. In addition,

although the yield of higher chlorinated PCDD/F homo-

logues and total PCDD/Fs in RFA was at the similar level

with that in the heating process of SFA with Cu, however,

the productions of lower chlorinated PCDD/Fs (TCDD/F

and PeCDD/F) in RFA were much higher than that in the

SFA with Cu.

The distribution ratio of PCDD/F homologue in the gas

and solid phases was shown in Fig. 8. Almost all PCDD/F

homologues were detected in the gas phase in the annealing

process of SFA with various Cu additives and RFA except

for the TCDD/F and PeCDD/F in the SFA without Cu

additives. As a consequence, the distribution pattern in gas

and solid phase had a little relationship with copper addi-

tives and mainly related to the carbon in the fly ash.

Formation of 2,3,7,8-chlorinated aromatics in iron

ore sintering

The 2,3,7,8-chlorinated PCDD/Fs attract most attention in

the previous research, since they exhibit higher toxicity and

threat human health and environment. The concentrations of

all 17 toxic 2,3,7,8-chloro-substituted PCDD/F congeners,

the ratios of 2,3,7,8-chlorinated PCDD/2,3,7,8-chlorinated

PCDF, and the I-TEQ values for all experiments are listed in

Table 2. It can be concluded that, similarly with total

amounts and homologue amounts of PCDD/F, the yield of

most 2,3,7,8-chlorinated PCDD/Fs increased generally with

Fig. 5 PCDD/F distribution

ratio in the gas and solid phases

with different carbon

concentrations in the SFA

Fig. 6 Effect of Cu catalysts on

the contents of PCDD/Fs, CBzs,

and PCBs
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carbon content increasing from 2 to 10 wt% and obtains the

maximum productions at a 10 wt% carbon content. In

addition, the I-TEQ also increased from1.1 to 17with carbon

content increasing from 2 to 10 wt%. Among all 2,3,7,8-

chlorinated PCDD/F homologues, OCDD/F and HpCDD/F

were also the most important homologues. The total amount

of OCDD/F and HpCDD/F occupied more than 80 % of the

total 2,3,7,8-chlorinated PCDD/Fs. With carbon content

increasing from 2 to 4–10 wt%, the ratio of PCDD to PCDF

decreased from 1.9 sharply to 1.1–1.2. Consequently, the

increase of carbon content will enhance the formation of

2,3,7,8-chlorinated PCDFs.

Moreover, in the thermal treatment process of SFA with

various copper additives, CuCl2�2H2O had the most effi-

cient catalytic activity on the amounts of 2,3,7,8-chlori-

nated PCDD/Fs and the I-TEQ. OCDD/F and HpCDD/F

also came to be the most dominated homologues. Among

all the 2,3,7,8-chloro-substituted congeners, 2,3,7,8-

TCDD/F, which was regarded as the most toxic com-

pounds, obtained even the least production. The catalytic

activity on the ratio of PCDD to PCDF was as follows:

CuCl2�2H2O[Cu[Blank. It meant that the catalytic

effect of copper additives on the formation of PCDD was

superior to that of PCDF.

Summary of findings

This study aimed to identify the formation mechanism of

chlorinated aromatics in fly ash from iron ore sintering.

The findings can be summarized as follows:

Fig. 7 Isomer patterns of PCDD/Fs in the thermal treatment of SFA

with different copper catalysts and RFA: content (a) and normalized

percentage (b)

Fig. 8 PCDD/F distribution

ratio in the gas and solid phases

in the thermal treatment of SFA

with different copper additives

and RFA
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1. The total amounts and homologue amounts of PCDD,

PCDF, dl-PCBs, and CBzs increased from 449 pg/g-fly

ash, 260 pg/g-fly ash, 4920 pg/g-fly ash, and 558 ng/g-

fly ash to much higher values of 4779 pg/g-fly ash,

3302 pg/g-fly ash, 7540 pg/g-fly ash, and 846 ng/g-fly

ash with carbon concentration increasing from 2 to

10 wt%, and obtained the maximum productions at a

10 wt% carbon content. The chlorinated aromatics

were mainly found in the solid phase at 10 wt% carbon

content as a consequence of the porous structure and

abundant adsorption surface area of active carbon.

2. The addition of Cu compounds accelerated the forma-

tion of chlorinated aromatic compounds. The catalytic

activity of Cu additives was as follows: CuCl2�2H2-

O � Cu[ blank. CuCl2�2H2O was the most potential

catalyst in the formation of chlorinated aromatics,

since it served as both a metal catalyst and a chlorine

donor.

3. The effect of carbon content and copper additives on

the formation of 2,3,7,8-chlorinated PCDD/Fs was

quite similar with that on the total amounts and

fingerprints of PCDD/Fs. Consequently, the efficient

control of carbon contents and the deactivation of the

metal catalysts in iron ore sintering process will be

helpful in the minimization of persistent chlorinated

aromatics.
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PCDD/Fs and dl-PCBs (pg/g-fly ash) FA with different Cu compounds SFA with different C contents

None Cu CuCl2�2H2O RFA 2 % 4 % 10 %

2,3,7,8-TCDF 0.15 0.14 3.3 1.7 2.0 0.15 13

1,2,3,7,8-PeCDF 0.24 0.22 2.4 1.6 0.76 0.24 4.5

2,3,4,7,8-PeCDF 0.20 0.30 5.6 3.4 0.60 0.20 13

1,2,3,4,7,8-HxCDF 0.66 1.2 15 3.2 0.75 0.66 6.3

1,2,3,6,7,8-HxCDF 1.1 3.3 22 4.2 0.54 1.1 6.5

2,3,4,6,7,8-HxCDF 1.5 4.5 36 5.8 0.74 1.5 7.5

1,2,3,7,8,9-HxCDF 0.19 0.85 12 1.2 0.46 0.19 2.4

1,2,3,4,6,7,8-HpCDF 20 76 7.0 9 102 61 6.2 20 51

1,2,3,4,7,8,9-HpCDF 3.2 12 1.0 9 102 10 1.4 3.2 18

OCDF 70 2.4 9 102 3.9 9 103 2.9 9 102 25 70 1.7 9 102

PCDFs 97 3.3 9 102 4.9 9 103 3.8 9 102 39 97 2.9 9 102

2,3,7,8-TCDD 0.24 0.22 0.35 0.41 0.26 0.24 2.7

1,2,3,7,8-PeCDD 0.25 0.26 0.88 0.44 0.29 0.25 4.1

1,2,3,4,7,8-HxCDD 0.23 0.49 3.8 0.66 0.15 0.23 0.93

1,2,3,6,7,8-HxCDD 0.20 0.43 2.8 0.75 0.42 0.20 0.96

1,2,3,7,8,9-HxCDD 0.34 0.28 2.6 0.38 0.48 0.34 1.2

1,2,3,4,6,7,8-HpCDD 8.5 33 3.6 9 102 23 3.3 8.5 23

OCDD 1.0 9 102 3.9 9 102 1.07 9 104 2.9 9 102 68 1.0 9 102 3.1 9 102

PCDDs 1.1 9 102 4.2 9 102 1.1 9 104 3.1 9 102 73 1.1 9 102 3.4 9 102

PCDD/PCDF 1.1 1.3 2.3 0.82 1.9 1.1 1.2

I-TEQ 0.86 2.9 40 5.3 1.1 2.9 17
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