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Abstract Secondary copper smelting (SeCu) is widely con-
sidered to be an important source of polychlorinated dibenzo-
p-dioxins and dibenzofurans (PCDDs and PCDFs; PCDD/Fs).
Laboratory experiments were performed using SeCu fly ash as
a matrix for thermochemical reactions to investigate the ef-
fects of fly ash on the formation of PCDD/Fs and the potential
mechanisms. Thermochemical reactions on SeCu fly ash over
a temperature range of 250–450 °C and reaction times of 10–
120 min caused the PCDD/F concentrations in the fly ash to
increase significantly. The PCDD/F concentrations formed in
the thermal reactions were about 99–139 times higher than the
PCDD/F concentrations in the original fly ash, clearly indicat-
ing that fly ash promoted the formation of PCDD/Fs. The
PCDFs dominated the PCDDs, and the PCDF/PCDD concen-
tration ratio was about 30–40. Octachlorodibenzofuran
(OCDF) , oc t a ch lo rod ibenzo -p - d i ox in , and the
heptachlorodibenzofurans were the most dominant homologs
that were formed. A comparison of the PCDD/F patterns pro-
duced in the thermochemical reactions and the patterns in the
original fly ash suggested that the chlorination of less chlori-
nated PCDFs might be an important pathway in the formation
of higher chlorinated furans. The results of this study indicated
that SeCu fly ash has a high PCDD/F formation potential. It is

crucial to have the fly ash filter at low temperature and that fly
ash in the cooling system should be minimized.
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Introduction

Polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) are ubiquitous persistent organic pollutants. The
unintentional formation of PCDD/Fs in industrial processes
and their subsequent emission are important sources of
PCDD/Fs to the environment (Fiedler 2007; Liu et al. 2009;
UNEP 2013). Secondary nonferrous smelting processes are
primarily used to recover nonferrous metals from scrap metal.
Scrap metal usually contains organic materials (such as plas-
tics, paints, and oils) that provide carbon and chlorine,
allowing PCDD/Fs to be formed (Aittola et al. 1996). Copper
is considered to be one of the most efficient metal catalysts for
the formation of PCDD/Fs (Chin et al. 2011; Hagenmaier
et al. 1987a), and it has been suggested that secondary copper
production is one of the most significant sources of PCDD/Fs
(Ba et al. 2009).

The release of PCDD/Fs from a metal smelter might cause
increased risks to workers in the metallurgical industry (Hu
et al. 2013a). The exposure of metallurgical smelting workers
to PCDD/Fs has been assessed in several studies (Abballe
et al. 2013; Hu et al. 2013a; Lee et al. 2009; Shih et al.
2008). Riss et al. analyzed the soil and food (livestock and
milk) samples around a copper reclamation plant and found
that the milk samples showed a significant increase in PCDD/
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F levels compared to control samples (Riss et al. 1990). In one
study, 10 ambient air samples were collected around electric
arc furnaces, secondary copper smelters, and secondary alu-
minum smelters and analyzed for PCDD/Fs, and the highest
PCDD/F concentrations were found in air samples collected
near copper smelters (Lee et al. 2009). Hu et al. found that
workers in some secondary copper smelting (SeCu) plants had
daily inhaled PCDD/F doses higher than the tolerable daily
intake recommended by the World Health Organization (Hu
et al. 2013a). These results indicate that the release of PCDD/
Fs from SeCu plants might pose serious risks to the ambient
environment and to human health.

It has been shown that the concentrations of PCDD/F
emitted from secondary copper smelters were lower than
those emitted from the Waelz plants and were higher than
those emitted from other metal smelting processes and
from waste incinerators (Chi et al. 2008; Nie et al. 2011;
Zou et al. 2012). Ba et al. analyzed 30 stack gas and 20
fly ash samples from secondary nonferrous metal smelting
plants in China and found that the SeCu plants had the
highest PCDD/F toxic equivalency emission factors (Ba
et al. 2009). Similar results have been found in other
regions and countries (G Wielgosinski et al. 2011; Yu
et al. 2006). These results indicate that SeCu is an impor-
tant source of PCDD/Fs. The formation of PCDD/Fs dur-
ing SeCu processes, and the mechanisms involved, need
to be understood so that techniques for controlling PCDD/
F emissions can be developed.

The formation of PCDD/Fs has been studied in many lab-
oratory simulations with the aim of identifying the character-
istics of PCDD/F formation processes and the mechanisms
that are potentially involved (Lasagni et al. 2013). However,
most of these studies have been focused on municipal waste
incineration (MWI) processes (Hagenmaier et al. 1987b;
Hajizadeh et al. 2011; Hatanaka et al. 2000; Hung et al.
2013; Weber et al. 2002). For example, Dickson et al. used
MWI fly ash and synthetic mixtures containing silica gel and
pulverized activated charcoal as matrices in simulation exper-
iments to investigate the thermal formation of PCDD/Fs dur-
ing MWI processes (Dickson et al. 1992; Karasek and
Dickson 1987). Weber et al. studied the de novo synthesis of
PCDD/Fs from polycyclic aromatic hydrocarbons on a model
MWI fly ash (Weber et al. 2001a). However, no simulation
studies have yet been performed to investigate PCDD/F for-
mation during SeCu processes. The chemical compositions
and properties of SeCu fly ash and MWI fly ash are very
different, so very different types of thermochemical reactions
that could lead to the formation of PCDD/Fs may occur during
the SeCu and MWI processes (Cobo et al. 2009; Gidarakos
et al. 2009). The mechanisms that have been found for the
formation of PCDD/Fs during MWI processes might not,
therefore, perfectly explain the formation of PCDD/Fs during
SeCu processes. Therefore, it is important to study the

formation of PCDD/Fs during SeCu processes and the mech-
anisms that are potentially involved, with the aim of develop-
ing techniques for preventing the formation and release of
PCDD/Fs from SeCu processes.

Fly ash is widely recognized as an important matrix
on which the formation of PCDD/Fs is promoted during
industrial thermal processes (Cobo et al. 2009;
Kawamoto 2009). A series of laboratory experiments
were performed using SeCu fly ash as a thermochemical
reaction matrix in the study presented here. The aims of
the study were to quantify the PCDD/Fs formed when
SeCu fly ash was thermally treated and to clarify the
characteristics of the PCDD/Fs formed and the mecha-
nisms that were potentially involved. The study was
firstly conducted to improve the basic understanding of
the formation of PCDD/Fs during SeCu processes and
to provide information for improving knowledge to de-
velop techniques and strategies for controlling PCDD/F
emissions from SeCu plants.

Materials and methods

Basic information on the fly ash sample

In a previous study, we investigated the amounts of PCDD/Fs
emitted from secondary copper metallurgy plants in China (Ba
et al. 2009; Hu et al. 2013b; Nie et al. 2012), and we found
large variations in the PCDD/F concentrations that were emit-
ted, the highest concentration being about 1000 times higher
than the lowest concentration (Hu et al. 2013b). The compo-
sition of the raw materials used in a plant was found to be one
of the key factors influencing the amount of PCDD/Fs emit-
ted. The highest PCDD/F concentration was found to be emit-
ted from a smelting plant that used only copper scrap as a raw
material (Hu et al. 2013b; Nie et al. 2012). In the study pre-
sented here, a plant that used only copper scrap as a raw
material was selected as an example of an extreme case for
which to determine the characteristics of the PCDD/Fs formed
during SeCu processes and the mechanisms that are potential-
ly involved in forming the PCDD/Fs. The selected plant uses a
reverberator to smelt copper scrap and produces 110 t of cop-
per per furnace. The raw materials are melted using heavy oil
as a fuel, and fine coal is used as the reductant. A fly ash
sample was collected from the bag filters in the plant.

Experimental apparatus

Each of the experimental runs (shown in Supplementary
Table S1) was performed in a temperature-controlled tube
furnace reactor. A schematic diagram of the apparatus is
shown in Fig. 1. Air was passed through the tube furnace at
a constant flow rate of 50 mL min−1. A fly ash sample was
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placed in a porcelain boat, which was placed in the furnace,
and the furnace was heated to the set temperature (between
250 and 450 °C) for between 10 and 120 min. The furnace
temperature was increased at 10 °C min−1 until the set
temperature was reached. The gases produced were
trapped in three toluene-filled absorption bottles, which
were held in an ice bath, connected (in series) to the end
of the reaction tube. After each experimental run, the reac-
tor (a quartz tube) and all of the fittings and connecting
tubes were rinsed with toluene to recover any products that
had been deposited on the surfaces. The toluene used for
rinsing (cleaning solution) was combined with the toluene
from the absorption bottles (absorption solutions 1, 2, and
3). The solid residues and the toluene were stored at around
4 °C until they were analyzed.

Extraction, cleanup, and analysis

The PCDD/F concentrations in the solid residues and gas
samples were determined by isotopic dilution high-
resolution gas chromatography and high-resolution mass
spectrometry (HRGC/HRMS). The sample extraction, clean-
up, and instrumental analysis procedures have been described
in detail elsewhere (Ba et al. 2009). Briefly, a solid residue
sample from a thermochemical reaction experiment was
spiked with known amounts of the 13C12-labeled PCDD/F
internal standards. The solid residue was then digested in
1 M HCl, filtered, rinsed with distilled water, dried, and
Soxhlet-extractedwith 250mL of toluene for about 24 h. Each
gas phase sample was spiked with known amounts of the
13C12-labeled PCDD/F internal standards. Each extract was
evaporated to a small volume using a rotary evaporator and
then subjected to a series of cleanup steps, including a column
containing silica gel treated with 44 % (by weight) sulfuric
acid, a multilayer silica gel column, and a basic alumina col-
umn. After the cleanup steps had been completed, the frac-
tion containing the PCDD/Fs was evaporated to a volume
of about 20 μL using a rotary evaporator and then a gentle
stream of N2, and then 13C12-labeled PCDD/F injection
standards were added so that the recoveries of the internal
standards could be calculated.

HRGC/HRMSmeasurements were carried out by an Agilent
6890 gas chromatograph coupled to an AutoSpec Ultima mass
spectrometer (Waters). A DB-5 MS fused silica capillary col-
umn (60 m long, 0.25 mm i.d., 0.25-μm film thickness) was
used. Helium was used as the carrier gas. The HRMS was
equipped with an electron impact (EI+) source. The analyzer
mode of the selected ion monitoring (SIM) was used with a
resolving power of over 10,000. The electron energy and source
temperature were specified at 35 eVand 270 °C, respectively.

Quality control and assurance

Before the thermochemical reaction experiments were carried
out, a series of pre-experiments were performed to assess the
absorption efficiencies and experimental repeatabilities. The
PCDD/Fs produced during the thermochemical reaction ex-
periments were mainly found in the cleaning solution and the
absorption solution 1 (91–98 %), and small amounts of
PCDD/Fs were found in the absorption 2 (2–9 %), as is shown
in Supplementary Table S3. Reaction time ranged from 10 to
120 min in this study. The experimental repeatabilities at dif-
ferent thermochemical reaction times (10, 30, and 120 min)
were assessed. The relative standard deviations (RSDs) in
duplicate runs ranged from 4 to 17 % for 10 min of thermo-
chemical reactions, and from 6 to 18 % for 120 min of reac-
tions. The RSD were in the range of 1–21 % at 30 min of
thermochemical reactions in the triplicate runs. The detailed
results with 30 min of thermal reactions as an example are
shown in the Supplementary Table S4. The recoveries of the
13C12-labeled PCDD/Fs were 59–110 %. Toxic equivalents
(TEQs) were calculated using the international toxicity equiv-
alency factor (I-TEF) and World Health Organization toxicity
equivalency factor (shown in Supplementary Table S2). Lab-
oratory blanks were included with each batch of samples an-
alyzed. Each experimental blank was produced by performing
a thermochemical reaction experiment using an empty porce-
lain boat. The octachlorodibenzo-p-dioxin (OCDD) and
octachlorodibenzofuran (OCDF) concentrations in the exper-
imental blanks were 0.02–0.13 % and 0.01–0.05 %, respec-
tively, of the concentrations found in the samples. Therefore,
the PCDD/F concentrations in the samples were not corrected
for the blank concentrations.

Fig. 1 Tube furnace apparatus
used for the thermochemical
reaction experiments
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Results and discussion

PCDD/F concentrations and their dependence on temperature
and time

The PCDD/F concentrations in the solid residues and the gas
phase samples were determined. The PCDD/Fs produced dur-
ing the thermal reactions were mainly found in the gas phase
(86–99%), and small proportions of the PCDD/Fs were found
in the solid residues (between <1 and 14 %), as is shown in
Supplementary Fig. S1. Therefore, the PCDD/F concentra-
tions in the gas phase are mainly discussed here.

The amounts of the PCDD/Fs formed when the fly ash was
heated to 250, 350, and 450 °C for 30 min were determined to
assess the dependence of the amount of PCDD/Fs formed on
the temperature. The PCDD/F concentrations that were pro-
duced during the thermal reactions are presented in Fig. 2. The
total PCDD and total PCDF concentrations in the untreated fly
ash were 0.4 and 1.7 μg/g, respectively. It can be seen from
Fig. 2 that higher concentrations of the PCDFs than the
PCDDs were found in the samples produced by the thermo-
chemical reactions. The total PCDD concentration produced
by the fly ash during a 30-min thermal reaction increased from
5.1 μg/g at 250 °C to 7.7 μg/g at 350 °C and to 8.0 μg/g at
450 °C. The total PCDF concentration produced during a 30-
min thermal reaction increased from 204 μg/g at 250 °C to
255 μg/g at 350 °C and to 246 μg/g at 450 °C. The variations
in the concentrations of PCDD produced after 30-min thermal
reactions at temperatures between 250 and 450 °C were not
obvious. In contrast, apparent increases in PCDF concentra-
tions were found after 30-min thermal reactions at tempera-
tures between 250 and 350 °C. The total PCDF concentrations
found after the thermal treatment were approximately 30–40
times higher than the total PCDD concentrations found after
the thermal treatment. Figure 2 shows that the highest total

PCDF concentration was found when the fly ash was treated
for 30min at 350 °C, and this was about 150 times higher than
the concentration in the original fly ash.

The concentration profiles of 2,3,7,8-substituted PCDD/F
congeners produced during the thermal reactions are present-
ed in Fig. 3. Thermal treatment of the original fly ash resulted
in significant formations of 2,3,7,8-substituted PCDD/Fs. The
concentrations of 2,3,7,8-substituted PCDD/F (203.5–
252.7 μg/g) found after the thermal reactions were about
110–137 times higher than those in the original fly ash
(1.85 μg/g). TEQ values (I-TEQ and WHO-TEQ) of PCDD/
F in the thermal reactions and original fly ash are shown in
Supplementary Table S7. It can be seen from Fig. 2 that the I-
TEQs of PCDD/F increased significantly after the thermal
treatment of the original fly ash. I-TEQs of PCDD/F were in
the range of 345.5–505.2 ng TEQ/g after 30-min thermal re-
actions at temperatures between 250 and 450 °C. The maxi-
mum I-TEQ of PCDD/F (505.2 ng TEQ/g) was found when
the fly ash was treated at 350 °C for 30 min. The I-TEQs of
PCDD/F in the thermal reactions at 250–450 °C after 30 min
were approximately 20–30 times higher than that in the orig-
inal fly ash.

The formation of PCDD/Fs has been investigated in many
laboratory simulation studies, and the reaction times used in
those studies ranged from a few minutes to hours (Lasagni
et al. 2013; Lenoir et al. 2012; Liu et al. 2011). The raw
materials are added to the furnace in several batches during
a real SeCu process, so the feeding and fusion stage will take
several hours (Hu et al. 2013b). Taking into consideration the
simulation studies that have been performed previously and
the operating conditions used in real SeCu processes, we in-
vestigated the formation of PCDD/Fs in the fly ash heated to
350 °C for 10, 30, 60, and 120 min, to assess the dependence
of the formation of PCDD/Fs on time. The PCDD/F concen-
trations produced during the thermal reactions are presented in
Fig. 4. It can be seen from Fig. 4 that the total PCDD/F concen-
trations produced during the thermochemical reactions at 350 °C
for between 10 and 120 min were far higher than the concen-
tration in the original fly ash. The total PCDD and total PCDF
concentrations after the fly ash had been heated to 350 °C for
10 min were 5.6 and 254 μg/g, respectively. A significant
amount of PCDFs had been formed in 10 min of treatment.
The total PCDD had not increased significantly after 10 min
of thermal treatment. It can be seen from Fig. 4 that the I-
TEQs of PCDD/F produced during the thermal reactions at
350 °C between 10 and 120 min were far higher than that in
the original fly ash. I-TEQs of PCDD/F were in the range of
448.0–507.5 ng TEQ/g after 10–120-min thermal treatment at
350 °C. The maximum I-TEQ of PCDD/F (507.5 ng TEQ/g)
was found when the fly ash was treated for 120 min at 350 °C,
and was approximately 31 times higher than that found in the
original fly ash. Several factors that strongly affect the forma-
tion of PCDD/Fs were characterized. Copper and zinc are
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ash and the samples produced by treating the fly ash for 30 min at 250,
350, and 450 °C (Ash0 = original fly ash)
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widely recognized as being efficient catalysts for the forma-
tion of PCDD/Fs (Chang and Chung 1998; Conesa et al.
2011; Fujimori et al. 2011; Gidarakos et al. 2009; Hagenmaier
et al. 1987b). A higher copper concentration was found in the
SeCu fly ash used in this study (260 mg/g) than has been
found in MWI fly ash (0.3–4.6 mg/g) (Cains et al. 1997). The
zinc concentration in the fly ash used in this study was
166 mg/g, which was also higher than has been found in
MWI fly ash (0.7–30.6 mg/g) (Hoffman et al. 1990). The
presence of chlorine is also an important factor that affects
the formation of PCDD/Fs (Wikström et al. 2003). The fly
ash used in this study had a chlorine content of 8.8 %. De-
tailed information on this analysis is provided in the supple-
mentary materials (Supplementary Tables S5 and S6). The
presence of copper, zinc, and chlorine can strongly promote
the formation of PCDD/Fs and result in significant amounts

of PCDD/F being produced in a short time. In this study, the
total PCDD/F concentration produced after only 10 min of
treatment at 350 °C was 260 μg/g, which was 124 times
higher than the concentration in the original fly ash.

The formation of PCDD/Fs in the fly ash at 350 °C for
30 min under a N2 rather than air atmosphere was also inves-
tigated. The total PCDD and total PCDF concentrations found
after 30 min of treatment at 350 °C were 0.6 and 15 μg/g,
respectively, under N2, and 7.7 and 255 μg/g, respectively,
under air. The total PCDD and total PCDF concentrations
produced were about 13 and 17 times higher, respectively,
under air than under N2. These results show that heating the
fly ash under N2 led to much lower PCDD/F concentrations
being produced than were produced when the fly ash was
heated under air. This suggests that oxygen is an important
factor that influences PCDD/F formation during SeCu pro-
cesses. This is in agreement with the previous studies
(Hagenmaier et al. 1987b).

The amounts of PCDD/F that were produced during the
thermal reactions were 99–139 times higher than the amount
that was in the original fly ash (Supplementary Table S7).
Meanwhile, the I-TEQs of PCDD/F after the thermochemical
reactions were approximately 21–31 times higher than that in
the original fly ash. To save energy and improve the econom-
ics of the process, fly ash is normally recycled by adding it to
the raw material or simply thermally treating it in the smelting
system in real SeCu smelting processes, and this ensures that
the precious metal present in the fly ash is recycled into the
smelted product (Hu et al. 2013b). The results of our study
suggest that fly ash needs to be disposed of safely rather than
simply being recycled into the raw materials or thermally
treated. The fly ash residues that are deposited in the
ventilating ducts in metallurgy equipment should be pe-
riodically removed to avoid relatively large amounts of
PCDD/Fs being formed in them.
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PCDD/F homolog profiles and potential formation
mechanisms during thermal reactions

The homolog profiles of the PCDD/Fs produced during the
thermochemical reaction experiments were compared with the
profiles in the original fly ash to attempt to gain an understand-
ing of the PCDD/F formation pathways during the treatments.
The homolog fractions in PCDD and PCDF produced during
the thermal reactions and in the original fly ash are shown in
Fig. 5a, b. The homolog patterns of the PCDD/Fs produced
during the thermochemical reactions and in the original fly ash
were clearly dominated by the higher chlorinated homologs.
OCDF made a particularly large contribution to the total
amount of PCDD/F produced in all of the samples. The PCDD
and PCDF homolog fractions increased with increasing num-
ber of chlorine substituent. And, OCDD contributed the most
to the PCDDs and OCDF contributed the most to the PCDFs,
respectively.

The OCDF contribution to the total amount of PCDFs was
clearly higher after the thermal reactions than in the original
fly ash. However, the tetrachlorinated to heptachlorinated
PCDD/F homologs showed the opposite trend. As is shown
in Fig. 5, the OCDF contribution rates to the total amount of
PCDFs were 93, 91, and 91 % when the fly ash had been
treated at 250, 350, and 450 °C for 30 min, respectively, and

were far higher than the OCDF contribution to the total
amount of PCDFs in the original fly ash (64.4 %). However,
the tetrachlorinated to heptachlorinated PCDF homologs
made much smaller contributions to the total amounts of
PCDFs in the thermal reactions than in the original fly ash.
This indicates that the chlorination of the less chlorinated
PCDF homologs might be an important pathway for the pro-
duction of OCDF. However, the changes in the contributions
made by the PCDD homologs to the total amounts of PCDDs
did not match the changes in the contributions made by the
PCDF homologs to the total amounts of PCDFs, indicating
that the PCDDs and PCDFs had different formation
mechanisms.

It has been found in previous studies that copper and zinc
are effective in promoting the chlorination pathway for
forming PCDD/Fs, and copper and zinc concentrations have
been found to positively correlate with PCDD/F concentra-
tions in fly ash (Altarawneh et al. 2009; Fujimori et al. 2013;
Weber et al. 2001a, b). Stieglitz et al. proposed that surface-
bound copper plays a key role in the chlorination reaction and
causes the efficient chlorination of carbon substrates, a pro-
cess that causes the de novo formation of PCDD/Fs (Schwarz
and Stieglitz 1992; Stieglitz 1998; Weber et al. 2001a, b). Ryu
et al. speculated that chlorine at a high concentration could be
converted to Cl2 on a copper catalyst and that a large number
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of chlorine radicals will be released (Ryu et al. 2013). The fly
ash used in this study contained high concentrations of copper,
zinc, and chlorine. Chlorine in the original fly ash might have
been converted into chlorine-containing gas during the ther-
mochemical reactions, this process being catalyzed by copper
or zinc on the surfaces of the fly ash particles, as suggested by
the reactions described byRyu (Ryu et al. 2013). An absorbent
trap containing a solution of sodium carbonate was used to
capture the chlorine-containing gas at the outlet of the thermal
treatment system in our study, to test the hypothesis that chlo-
rine was involved in the reactions that occurred during the
thermal treatments. The chloride ion concentrations in the
used sodium carbonate solution were determined by ion chro-
matography. Detailed information on this analysis is provided
in the Supporting Information (Table S8). A high chlorine
concentration, equivalent to 9.1×10−4 mol/g in the original
fly ash, was found when the fly ash was treated at 350 °C
for 10 min. This proves that chlorine was produced when
the fly ash was heated. The chlorine produced could have been
involved in the reactions that produced PCDD/Fs during the
thermal treatments.

Wikstrom et al. found an unequivocal relationship between
the amount of chlorine added to a system and the PCDD/F
yield, with the PCDD/F homolog profile being dominated by
the higher chlor inated homologs, especial ly the
octachlorinated and heptachlorinated homologs (Wikström
et al. 2003). In a review, Mackie et al. stated that sequential
chlorination may occur when an excess of chlorine atoms is
present and that an abstraction and displacement process will
continue until all of the hydrogen atoms on an aromatic ring
have been replaced with chlorine, meaning that the most chlo-
rinated PCDD/F homologs will be produced (Altarawneh
et al. 2009). This was supported by the results of experiments
performed by Eiceman et al (Eiceman and Rghei 1982; Rghei
and Eiceman 1985a, b). In our study, the chlorine concentra-
tion in the SeCu fly ash was estimated to be 2.5×10−3 mol/g

from the 8.8 % chlorine content that was determined using
energy-dispersive X-ray analysis (Supplementary Table S5).
The PCDD/Fs that were formed during the thermal reactions
were dominated by the OCDF, heptachlorodibenzofuran
(HpCDF), and OCDD homologs (in decreasing contribution
order), which together accounted for 98–99 % of the total
amount of PCDD/Fs formed. The chlorine content contributed
from the OCDF produced when the original fly ash was heat-
ed for 30 min was 3.41×10−6 mol/g at 250 °C, 4.2×10−6 mol/
g at 350 °C, and 4.0×10−6 mol/g at 450 °C, respectively. The
chlorine content contributed from the HpCDF produced when
the original fly ash was heated for 30min was 2.1×10−7 mol/g
at 250 °C, 3.4×10−7 mol/g at 350 °C, and 3.3×10−7 mol/g at
450 °C, respectively. The chlorine content from the OCDD
produced when the original fly ash was heated for 30 min was
8×10−8 mol/g at 250 °C, 1.0×10−7 mol/g at 350 °C, and 1.1×
10−7 mol/g at 450 °C, respectively. The chlorine content con-
tributed from the OCDF, HpCDF, and OCDD produced when
the original fly ash was heated for 30 min at 250–450 °C was
only about 1.5–1.9‰ of the chlorine content in the original fly
ash. This indicates that far more chlorine was present in the
original fly ash than present in the PCDD/Fs that were gener-
ated, so there would have been an excess of chlorine when the
reactions that formed the PCDD/Fs occurred. As mentioned
above, the direct chlorination of aromatic compounds, cata-
lyzed by chlorine radicals, can occur when there is an excess
of chlorine present, resulting in relatively high concentrations
of chlorinated aromatic compounds being formed
(Altarawneh et al. 2009). As can be seen from Fig. 5, the
tetrachlorinated to heptachlorinated PCDF homolog contribu-
tions to the total amounts of PCDD/Fs produced decreased
sharply when the fly ash was thermally treated, whereas the
OCDF contribution clearly increased. Furthermore, the higher
chlorinated PCDFs were the dominant homologs that were
produced during the thermochemical reactions. As is shown in
Fig. 6, the OCDF, HpCDFs and OCDD concentrations were
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increased significantly by the thermal treatments. The
sum of the OCDF, HpCDF, and OCDD concentrations
was about 115–143 times higher after the fly ash had
been treated at 250–450 °C for 30 min than those in the
original fly ash. It can also be seen from Fig. 6 that the
sum of the OCDF, HpCDF, and OCDD concentrations
contributed 99, 98, and 98 % of the total amount of
PCDD/Fs produced when the fly ash was treated at
250, 350, and 450 °C for 30 min, respectively, that
these contributions were far higher than was found in
the original fly ash (86 %). Based on the above analy-
sis, these results of this study indicate that the chlorina-
tion of the less chlorinated PCDD/F homologs could be
one of the important pathways in the formation of
higher chlorinated PCDD/F homologs, and, in particular,
OCDF. The oxychlorination and breakdown steps of
carbon definitely make great contribution to the forma-
tion of higher chlorinated furans (Weber et al. 2001b).
The large amounts of PCDF formed in thermal reactions
might be formed through multiple pathways including
chlorination, de novo synthesis, and so on. The evi-
dence presented here for the importance of the chlori-
nation pathway to the formation of PCDFs might im-
prove our fundamental understanding of the PCDD/F
formation mechanisms that occur during SeCu processes
and help in the development of practical PCDD/F
source control measures.

Conclusions

Laboratory experiments were performed in which fly ash from
a SeCu plant was used as a matrix for thermochemical reactions,
to clarify the characteristics of the PCDD/Fs formed during
SeCu processes and to identify potential mechanisms for the
formation of the PCDD/Fs. Thermal treatment of the fly ash
resulted in significant amounts of PCDD/Fs being produced.
The highest PCDD/F concentration we found was about 139
times higher than the concentration in the original fly ash, sug-
gesting that fly ash is an important matrix for the formation of
PCDD/Fs during SeCu processes. The homolog patterns of the
PCDD/Fs produced during the thermal reactions were clearly
dominated by the fully chlorinated homologs. A comparison of
the homolog patterns of the PCDD/Fs produced during the
thermochemical reactions with the patterns in the original fly
ash suggested that chlorination of the less chlorinated PCDF
homologs might be one of important pathway for the formation
of higher chlorinated homologs. The results of this study indi-
cated that the SeCu fly ash has a high PCDD/F formation
potential. It is crucial to have the dust filter at low temperature
and that dust in the cooling system should be minimized.
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