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a b s t r a c t

Thermal experiments were conducted using real boiler ash and fly ash samples from three types
of municipal or industrial solid waste incineration plants to understand the formation reactions of
polychlorinated dibenzo-p-dioxin and furans (PCDD/Fs) and related bromine compounds that were
chlorinated–brominated dibenzodioxins and furans (PXDD/Fs) and polybrominated dibenzo-p-dioxin
and furans (PBDD/Fs). The results obtained were as follows: The formation of PCDD/Fs was clearly shown,
and fly ash containing abundant carbon matter had a significant potential for de novo synthesis. The
homologous distribution change apparently showed that the formation of PXDD/Fs occurred from the
hermal experiment
CDD/Fs
romine-substituted compounds
ormation reaction

substitution of a bromine atom with a chlorine atom in the PCDD/F molecules. This suggests that PXDD/Fs
are usually formed with PCDD/Fs on the ash. PBDD/Fs might be formed from any reaction mechanism
different from that of PXDD/Fs. The existence of carbonaceous matters always does not mean the poten-
tial formation of PCDD/Fs. However, any addition of catalytic copper may influence the nature of ash to
increase the formation potential. The findings suggest that there are many instances that result in the
unintended production of trace hazardous pollutants in the incineration process and show that careful
and sophisticated control is required to prevent the formation of pollutants.
. Introduction

Recent data have shown that the emission of dioxins from the
ncineration process in FY 2007 has decreased to less than 300 g-
EQ per year from more than 9000 g-TEQ per year in FY 1999 in
apan [1]. This dramatic decrease in dioxin emission is attributed to
uch factors as improvements in technologies for furnace combus-
ion and flue gas-cleaning techniques. The reduction in the number
f small and inappropriate incinerators might also contribute to the
educed emission. Higher temperature combustion with sufficient
as retention time can minimize the incomplete combustion that
esults in a significant reduction in carbon monoxide (CO) as well as
ioxin formation. The use of a bag filter and activated carbon injec-
ion in a relatively low-temperature operation, for example around
70 ◦C, is very effective for the reduction of a variety of pollutants
other than NOx) such as acid gases and dioxins [2].

However, PCDD/Fs may form in gas-cooling processes used in

unicipal solid waste (MSW) incineration plants. A typical forma-

ion mechanism of the pollutant is known to be de novo synthesis.
lthough the de novo synthesis pathway is too complicated to delin-
ate clearly, it can still be understood as a critical mechanism by

∗ Tel.: +81 29 850 2958; fax: +81 29 850 2091.
E-mail address: kawamoto@nies.go.jp.

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.068
© 2009 Elsevier B.V. All rights reserved.

which carbon and chlorine sources can be induced to react together
in the presence of an effective metal catalyst such as copper (Cu)
[3,4]. Therefore, for de novo synthesis, it should be defined that
PCDD/Fs appear from a wide range of carbon sources and chlo-
rine sources typically from ash and that related organic halogen
compounds occur simultaneously. The carbon species are possibly
derived from unburned components, and can play an important role
in the formation of the carbonaceous structure of dioxins. How-
ever, it has been reported that ash from gasification and melting
furnace plants used for the disposal of MSW can also form diox-
ins, probably due to de novo synthesis, although the carbon content
is generally very low (less than 0.1 wt%), according to experimen-
tal results obtained using a thermal reactor [5,6]. The reports show
that the presence of carbon is essential to the formation of diox-
ins and that the quantity of dioxins formed is proportional to the
carbon content of the ash. Indeed, the residual carbon in MSW incin-
erator fly ash plays an important role in both the formation and
decomposition of dioxins [7]. The type of carbon also influences the
formation reactions of dioxins from various carbon sources such as
graphite and coke [8–10]. Activated carbon injected into ducts for

flue gas-cleaning can be a source of chlorinated organic compound
formation [6,10].

On the other hand, similar formation reactions are naturally
expected to be responsible for the formation of chlorinated–
brominated dibenzo-p-dioxins and furans (PXDD/Fs) and bromi-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kawamoto@nies.go.jp
dx.doi.org/10.1016/j.jhazmat.2009.02.068
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Table 1
Ash samples used in the experiments.

Sample Location of sampling or description of
sample

Carbon contenta (wt%) Content of native
dioxins (ng/g)

Content of native PXDD/Fs
and PBDD/Fs (ng/g)

Ash 1: Boiler ash Collected at the bottom of the boiler in
a gasification-melting plant

0.15 21 (0.33 ng-TEQ/g) –b

Ash 2: Boiler ash Collected at the bottom of the boiler in
an MSW incineration plant (Stoker
furnace)

0.44 210 (1.9 ng-TEQ/g) –

Ash 3: Fly ash Collected at the bottom of the first bag
filter equipped in a series at the same
MSW plant as Ash 2

20 50 (0.62 ng-TEQ/g) PXDD/Fs: 14

PBDD/Fs: 0.025

Ash 4: Boiler ash Collected at the bottom of the boiler in
an industrial solid waste incineration
plant (kiln and stoker furnace in series)

4.7 9.5 (0.17 ng-TEQ/g) PXDD/Fs: 1.3

PBDD/Fs: –

Ash 4′: Ash 4 was fortified with reagent Copper chloride (I) was added to the
ash sample before packing.

†c † †
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fairly high (4.7 wt%), probably due to unburned constituents. All
the above-mentioned types of ash were native samples; however,
one artificially produced compounded sample was used. Ash 4′ was
prepared by adding copper chloride (I) to the original Ash 4. Copper

Table 2
Inorganic components in the ash samples.

Component (wt%) Ash

1 2 3 4

Ca 11 8.1 11 9.2
Mg 1.8 1.1 3.1 1.8
Na 4.5 2.1 5.1 4.7
K 4.0 1.2 5.3 1.2
Al 5.3 10 4.8 9.2
Fe 2.0 6.1 2.7 1.2
Zn 0.84 0.34 0.81 0.31
a The measurement was performed three times per sample.
b Not measured.
c Expected to be almost the same value as Ash 4.

ated dioxins (PBDD/Fs), since ash usually contains bromine as
ell as chlorine. Furthermore, the widespread use, over decades,

f brominated flame-retardants has resulted in the increasing like-
ihood of their being fed into waste combustion facilities, and the
resence of PXDD/Fs and PBDD/Fs as well as dioxins has been
eported [11,12].

A review paper surveyed the state of research on the formation
f brominated compounds and covered four categories of ther-
al processes: thermal stress, pyrolysis/gasification, insufficient

ombustion conditions and controlled combustion conditions [13].
f these, controlled combustion conditions may be particularly

mportant to consider, since a huge amount of MSW is combusted
aily in controlled incinerators. The presence of brominated organic
ompounds in flue gases, determined by a method for measuring
romine amounts in gas, was monitored at controlled incinera-
ion plants, and it was revealed that organic bromine accounts for
bout 2–13 mol% of the concentration of organic chorine [14]. The
vailable facts suggest a probable generation of brominated organic
ompounds, which may include de novo synthesis. As an attempt to
nvestigate the de novo synthesis of PXDD/Fs and PBDD/Fs, Weber
t al. [15] conducted experiments that used a model fly ash sam-
le made by dry-mixing silica, copper (II) hydroxide, perylene (a
olyaromatic hydrocarbon), potassium chloride and bromide. They
ound that bromine is incorporated in PXDD/Fs during de novo
ynthesis similarly to chlorine. However, very few studies on this
ubject have used real ash samples.

This study investigates the formation of PCDD/Fs and their
romine-substituted compounds by using real ash samples, from a
toker-type incineration plant and a newly introduced gasification-
elting plant. Special attention is paid to studying the effect of

he co-existing carbons in ash and the formation of PXDD/Fs and
BDD/Fs that may occur together with PCDD/F formation from trace
romine constituents in ash. Furthermore, mass balances and char-
cteristics regarding congener distributions are used to understand
he effect and occurrence.

. Materials and methods

.1. Ash sample
The ash samples used are shown in Table 1 with descriptions
bout sampling locations and other information including carbon
nd native dioxin content. The inorganic components are shown in
able 2. The real ash samples that were used were obtained from
an MSW incineration plant and an industrial waste incineration
plant. Moreover, an ash sample from a gasification-melting plant
that had been used in a previous paper [5] and employed fluidized
bed-type gasification was also used to ascertain the reproducibility
of de novo formation reactions. Plant processes and the locations
from which the ash samples were collected are shown in Fig. 1.
All the ash was sampled before lime was injected into the duct to
prevent alkali components affecting the heat experiment, and the
sampling locations were mainly at the bottom of the boiler because
of the ease of obtaining the ash samples.

The carbon content of Ash 1 was rather low (0.15 wt%) owing
to the high combustion temperature in the melting furnace. How-
ever, the ash contained metal species in relatively large quantities
that may work as a catalyst [5]. Ash 2 and Ash 3 were both col-
lected from the same incineration plant. Ash 2 was collected at the
bottom of the boiler, and the carbon content was 0.44 wt%. Ash 3
was collected at the bottom of the first bag filter that was part of a
two-stage bag filter flue gas-cleaning system. Ash 3 had a very high
carbon content (20 wt%), and it was estimated that much of this
carbon was derived from injected activated carbon powder because
the carbon content of Ash 2 was low, as described above. Ash 4 was
from an industrial waste disposal facility; the sample was also col-
lected at the bottom of a boiler. However, the carbon content was
Cu 0.42 0.13 0.34 0.053
Ni 0.0079 0.015 0.0046 –
Pb 0.15 0.032 0.16 0.11
Cl 6.2 1.4 8.9 1.7
Br (mg/kg) 320 120 1400 ND
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Fig. 1. Sources of ash samples

hloride was added because the ash produced a lower quantity of
ioxins in the experiment. The Cu content of all these original ash
amples ranged from 0.053 to 0.42 wt%, and the range was roughly
sual for ash samples in incineration plants [5,16,17].

.2. Experimental procedure and apparatus

The ash samples were made into pellets with water using a
elletizing machine before being packed into the reactor tube [5],
nd the pellet diameter was around 3–4 mm. This procedure was
mployed because the ash consisted of fine particles that posed a
isk of blocking the gas flow.

Thermal experiments were conducted in the flow reactor, as
hown in Fig. 2. This reactor consists of a quartz glass tube with an
nternal diameter of 50 mm and a length of 1300 mm. An ash sam-
le bed is installed in the tube, and a 450-g pelletized ash sample is
laced on the bed to a height of 250 mm, except for Ash 3. Because
here was less of the Ash 3 sample, a 250-g pelletized sample was
laced on the bed. An artificial mixed gas supply system was used,
nd the composition was set at 90 vol% nitrogen and 10 vol% oxygen
ith mass flow controlling devices. A gas sampling system was pre-
ared at the reactor outlet to analyze the PCDD/Fs and brominated
rganic compounds. The experimental procedure was basically the
ame as that described elsewhere [5]. However, the temperature
as generally set at 300 ◦C, which is a typical temperature for de
ovo synthesis. Furthermore, no gaseous hydrochloric acid (HCl)
r organic vapors were supplied, since a previous study [5] clearly
howed that trace amounts of carbonaceous matter were the source
f dioxin formation, not the supplied organic vapors.

In the experiment, an ash sample was packed into a vertical
uartz glass reactor at room temperature. Heating was then com-
enced under a flow of carrier gas. The temperature reached the

esired level in about 3 h. This temperature was then further main-
ained for 1 h to ensure that the system had stabilized. Since the
arbon content of Ash 3 was rather high, nitrogen gas and steam

17–20% in the gas) were fed into the reactor until the desired tem-
erature had been reached to avoid any uncontrolled increase in
emperature; oxygen gas was then slowly introduced to the set
alue of 10 vol%. Subsequently, the gas sampling of the PCDD/Fs
nd brominated organic compounds was initiated and continued
e kinds of incineration plants.

for 4 h. After the measurements of the dioxins and other pollutants
had been completed and the experimental run had finished, an ash
sample was taken from inside the reactor to determine the con-
tent of the same target compounds in the solid. Each experimental
run was conducted once except with Ash 4 because this sample
provided unexpected results in the first run.

2.3. Measurement method

Dioxins were measured and analyzed based on the Japanese
Industrial Standard JIS K 0311; tetra-through octa-chlorodibenzo-
p-dioxins, tetra-through octa-chlorodibenzofurans and dioxin-like
polychlorinatedbiphenyls in stationary source emissions [18]
were determined using high-resolution gas chromatography
(HRGC)/high-resolution mass spectrometry (HRMS), and the
PXDD/Fs and PBDD/Fs were analyzed based on the method
described in a proposed manual for the compounds [19]
using the same analytical equipment. The HRGC-HRMS sys-
tem employed a JMS-700 MStationTM Double-Focusing Magnetic
Sector Mass Spectrometer (JEOL Ltd., Tokyo, Japan). However,
monobromo-polychloro-substituted compounds were determined
in the PXDD/Fs, because standard PXDD/Fs were not obtained, and
it was considered that polybromo-chloro-substituted compounds
were at very low concentrations.

The analytical quality of the determination of PCDD/Fs was
examined by measuring surrogate recoveries in the analytical pro-
cedure. A surrogate 13C-labeled mixture was added to the liquid
sample in the clean-up stage and also labeled 13C-1,2,3,4-TeCDD
was added to the XAD-2 resin adsorbent. The recoveries of the sur-
rogates obtained were within a 50–120% range for the flue gas of the
Ash 3 run. The results suggest that sufficient quality was obtained
for the analysis of dioxins.

Carbon quantity was measured by using an automatic highly
sensitive NC analyzer—SUMIGRAPH NC-22A (Sumika Chemical
Analysis Service, Ltd., Tokyo, Japan). This equipment measures the

amount of carbon based on carbon dioxide quantification with a
thermal conductivity detector (TCD) for the gas components of a
combusted sample. Chlorine and bromine atoms were measured by
using ion chromatography for a sample solution made by aqueous
extraction from a solid sample. Metals and inorganic components
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formation reactions.
The dioxins-TEQ content of the flue gas was 2.7 ng-TEQ/m3

N and
the ratios of dioxin-like PCBs in the TEQ values were 5.9% and 1.7%
for the gas and ash, respectively. Conversely, a fairly low dioxin
Fig. 2. Experimental apparatus used

ere measured by using inductively coupled plasma-atomic emis-
ion spectrometry (ICP-AES VISTA-PRO, Seiko Instruments Inc.) for
he liquid samples extracted with hydrochloric acid.

. Results and discussion

.1. Reproducibility of de novo synthesis from ash

To confirm the reproducibility of the experimental system, data
btained from the experiments using Ash 1 were compared to data
reviously obtained using the same ash sample. The results for diox-

ns (PCDD/Fs and dioxin-like PCBs) in flue gas obtained using the
ame experimental system [20] showed the gas concentration to
e 230 ng/m3

N at 12% O2 (3.1 ng-TEQ/m3
N). The dioxin data obtained

gain in this study using Ash 1 revealed a gas concentration of
80 ng/m3

N at 12% O2 (3.3 ng-TEQ/m3
N). These two experimental val-

es obtained with this system were similar, especially in terms of
he TEQ value.

The congener distribution profiles were also similar, especially
n terms of the distribution of PCDF, as shown in Fig. 3. The con-
entrations of PCDF congeners were significantly higher than those
f PCDD congeners. In addition, the tetra-CDFs was the most abun-
ant congener, and the concentrations of higher chlorinated PCDF
ongeners gradually decreased.

These results suggest that the reproducibility is good both in
erms of the ash material and the experimental system; hence,
his consideration provides a secure rationale for experiments con-
ucted using the new materials in this study.

.2. Formation of PCDD/Fs from boiler ash and fly ash

Table 3 shows the concentrations of PCDD/Fs, PXDD/Fs and
BDD/Fs in the flue gas and ash samples obtained in the experi-
ents using Ash 1, Ash 2 and Ash 3 at 300 ◦C, and the concentration

t 200 ◦C for Ash 3. Ash 3 of fly ash was sampled in the latter part
f the same flue gas line as Ash 2 (Fig. 1). The PCDD/Fs concen-
rations in flue gas for Ash 1 and Ash 3 were almost the same, as
ere the results for PXDD/Fs and PBDD/Fs. The data of Ash 1 mean

hose described in the previous section. Very high content data
ere obtained for PCDD/Fs in the Ash 3 sample after the thermal
reatment as well as dioxins-TEQ. This result may be caused mainly
y the high carbon matter content as shown in Table 1. Further,
sh 3 contained a large amount of Cl and a relatively large amount
f catalytic Cu and Fe in Table 2. These facts may comprehensively
ffect the high content data.
thermal treatment of ash samples.

Furthermore, the results suggest that a very active de novo syn-
thesis may occur on any surface site of the solid sample, and then
the formed PCDD/Fs are adsorbed on the surface because the abun-
dant active carbon is 20 wt% and a part of the formed PCDD/Fs might
leave the surface. Carbon was indeed added to the fly ash in the duct.
However, the chlorine and bromine content in Ash 3 were greater
than in Ash 2. This was probably because gasified components con-
taining these atoms condensed on the surface of Ash 3 at a lower
flue gas temperature. Other catalytic components such as metals
were also incorporated in this process and could contribute to the
Fig. 3. Comparison of the results of thermal experiments conducted separately for
Ash 1 in flue gas concentrations: (a) former and (b) this time.
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Table 3
PCDD/Fs, PXDD/Fs and PBDD/Fs measured in experiments using Ash 1, Ash 2 and Ash 3 at different temperatures.

Employed ash and
temperature condition

Flue gas Ash after thermal treatment

PCDD/Fs (ng/m3
N)a and

dioxins-TEQ (ng-TEQ/m3
N)

PXDD/Fs (ng/m3
N)a PBDD/Fs (ng/m3

N)a PCDD/Fs (ng/g) and
dioxins-TEQ (ng-TEQ/g)

PXDD/Fs
(ng/g)

PBDD/Fs
(ng/g)

Ash 1: 300 ◦C 170, TEQ: 3.3 25 ND 56, TEQ: 0.75 –b –
Ash 2: 300 ◦C 48, TEQ: 0.94 5.2 (0.006)c – (0.011) 7.2
Ash 3: 300 ◦C 170, TEQ: 2.7 21 0.59 1700, TEQ: 43 320 0.011
Ash 3: 200 ◦C 0.37, TEQ: 0.0066 (0.004) ND – – –

he qua
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a Concentrations are translated to a condition of 12% O2.
b Not measured.
c The parentheses indicate that figures exceeding the detection limit and below t

oncentration was observed in the same Ash 3 at 200 ◦C, which
howed a very low potential for synthesis. This comparison of
esults obtained at two different temperatures showed that tem-
erature had a significant influence on the formation of dioxins, as
as been reported by many researchers [21–23].

Ash 2 tested at 300 ◦C produced relatively low concentrations of
CDD/Fs probably because the carbon content (0.44 wt%) and cat-
lytic copper content (0.13 wt%) were low. The difference between
sh 1 and Ash 2 can be found in the copper content, and it was
.42 wt% for Ash 1, as shown in Table 2.

The next mass balance data and homologous distribution of
CDD and PCDF before and after the thermal treatment of Ash
, as shown in Fig. 4, clearly demonstrate the occurrence of new
eactions on the ash. The homologous distribution pattern of the
ompounds is helpful in understanding the new production reac-
ion during the experiment. Further, consideration of the mass

alance before and after the experiments is necessary for a dis-
ussion of de novo synthesis. The contents of the target compounds
n the ash sample before the experiment, after the experiment and
hat exhausted during the measurement of the compounds (4 h)
ere added together.

Fig. 4. Mass balance of PCDD/Fs and homologous distribution of P
ntification limit are included.

Two significant points stand out here. Firstly, the apparent total
quantities of PCDD/Fs in the ash sample were very different before
and after the thermal treatment of the sample. Before the experi-
ment, the total quantity of PCDD/Fs in the 250 g of packed Ash 3 was
23 �g, and this increased greatly to 390 �g after the thermal treat-
ment. However, the exhaust gas from the reactor over a 4-h period
contained the relatively low amount of 0.58 �g PCDD/Fs. The result
strongly suggests that the formed PCDD/Fs were adsorbed on the
surface of the fly ash particles because the material contained a
large quantity of activated carbon, as mentioned above. The carbon
content of Ash 3 after the heating experiment fell to 14 wt%, which
was 70% of that in the original ash sample. A proportion of the elim-
inated amount of carbon may have been consumed by oxidation
reactions during the heating process. Indeed, the monitored con-
centration of carbon monoxide during the experiment continued
to be around 100 ppm in the exhaust gas. Consequently, the total

mass was estimated to be reduced 6.8% compared with the original
mass. Some constituents in the carbonaceous materials definitely
triggered considerable production of PCDD/Fs.

Secondly, the homologous distribution patterns of PCDD and
PCDF in both the ash after the experiment and the flue gas were

CDD/PCDF before and after the thermal treatment of Ash 3.
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Fig. 5. Mass balance and homologous distribution of P

ntirely different from the pre-experiment ash. Low chlorinated
omologues of PCDF that were TeCDFs and PeCDFs had much higher
oncentrations in the distribution pattern compared with PCDD,
oth during and after thermal treatment. These facts provide strong
vidence for the occurrence of de novo PCDD/Fs synthesis in this
xperimental system.

.3. Formation of PXDD/Fs and PBDD/Fs from boiler ash and fly
sh

High concentration data for PXDD/Fs (320 ng/g) were found in
he ash sample after the thermal experiment in the Ash 3 run at
00 ◦C as observed for PCDD/Fs, and the concentration for flue gas
as determined to be 21 ng/m3

N@12% O2. In contrast, very low levels
f PBDD/Fs were detected in the flue gas (0.59 ng/m3

N@12% O2) and
he ash (0.011 ng/g). The Ash 2 run resulted in lower concentration
ata for both the flue gas and ash samples at 300 ◦C in the PXDD/Fs.
owever, the PBDD/Fs on this sample were a little bit higher com-
ared with Ash 3. The native sample of Ash 2 contained a rather

arge amount of dioxins even compared with Ash 3, as shown in
able 1, which might be caused by de novo synthesis during the gas-
ooling process in the incinerator. Many thermal reactions occurred

n the surface of the ash between the chemical constituents, and
he formation of PBDD/Fs might be a possible phenomenon.

Fig. 5 shows the results of the mass balance data and homologous
istribution of PXDD/Fs, and the change in profile was quite similar
o the change in the PCDD/Fs. The result also supports that the for-

able 4
CDD/Fs and PXDD/Fs measured in experiments using Ash 4 and Ash 4′ .

mployed ash Flue gas PXDD/Fs (n
PCDD/Fs (ng/m3

N)a and dioxins-TEQ (ng-TEQ/m3
N)

sh 4 2.9, TEQ: 0.025 0.099
sh 4′ 2600, TEQ: 34 96

a Concentrations are translated to a condition of 12% O2.
PXDF before and after the thermal treatment of Ash 3.

mation of PXDD/Fs stems from the substitution of a bromine atom
with a chlorine atom in the PCDD/F molecules. The thermal heating
of the ash sample containing 6.3 �g of PXDD/Fs newly produced
a large amount (74 �g) of those compounds but the composition
was very different, and the exhaust gas contained 0.064 �g of that
species in each 4-h period, suggesting the formation of PXDD/Fs
during the thermal treatment. The clear differences in the homol-
ogous distribution patterns between the ash samples and between
the original ash and the formed gas sample also provided evidence
of a reaction.

The most abundant homologue was monobromo-triCDFs, fol-
lowed by -tetra-CDFs, with a distribution pattern quite similar to
that in Fig. 4. This characteristic significantly suggests that PCDD/Fs
first generate via de novo synthesis, and the possible substitution of
a chlorine molecule by a bromine atom among those in PCDF sub-
sequently occurs, probably because of the presence of the active
Br species [24]. Bromine may therefore be readily incorporated
into PCDD/Fs during de novo synthesis and subsequent substitution
reactions. Therefore, the de novo reaction was not predominant in
the formation process of bromine-substituted PXDD/Fs.

3.4. Effects of added copper compound on the formation of

PCDD/Fs and PXDD/Fs

Table 4 shows the results for Ash 4 collected at the bottom of
a boiler in an industrial solid waste incinerator. The concentra-
tions of generated PCDD/Fs and PXDD/Fs were rather low in spite

g/m3
N)a Ash after thermal treatment PXDD/Fs (ng/g)

PCDD/Fs (ng/g) and dioxins-TEQ (ng-TEQ/g)

14, TEQ: 0.36 1.5
890, TEQ: 11 58
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Fig. 6. Homologous distribution of PCDD/PCDF and PXDD/PXD

f the moderate carbon content of the ash (4.7 wt% in Table 1), pos-
ibly suggesting that this carbon content does not always affect
he de novo formation reactions in ash in the incineration process.
ther factors, such as the type and nature of the carbonaceous
atter, may influence the reaction to a greater extent. However,

he contents of PCDD/Fs and dioxins-TEQ in the ash after ther-
al treatment were moderate, and this suggests that any reaction

ccurred on the surface of the ash. However, the formation of
BDD/Fs was not observed for Ash 4 in a preliminary experi-
ent.
In the light of the above results, a test was conducted by adding

opper (I) chloride that could act as a catalyst for de novo synthe-
is and as a supplier of chlorine. The compound was added to Ash 4
efore it was packed into the reactor, and is named Ash 4′ in Table 1.
he ash sample resulted in a copper content of 0.35 wt% and a chlo-
ine content of 1.86 wt% based on a calculation. The value of the
opper content was about 6.6 times the native content and that of
hlorine was 1.1 times as well.

This addition of the copper compound markedly raised the
ormation quantity of all chemical pollutants concerned, namely,
CDD/Fs and PXDD/Fs. The concentration of the PCDD/Fs and
ioxins-TEQ in the flue gas was increased by a factor of nine hundred
nd one thousand and four hundred, respectively. The concentra-
ion of PXDD/Fs was also increased nine hundred and seventy times.
he pollutant content in ash was increased sixty-four times for
CDD/Fs and thirty-one times for dioxins-TEQ, and a further thirty-
ine times for PXDD/Fs. The copper content of the native Ash 4
as not particularly low; however, copper compounds might not be

nvolved in any activity catalyzing de novo synthesis reactions. The
ddition of the reagent might enhance the ratio of the active cop-
er species. As for chlorine, the native amount was fairly high, and
herefore, the addition of the reagent did not increase the amount
ery much. However, the amount of volatile chlorine might increase

ue to the addition of the reagent.

These results suggest that it is necessary to pay attention to the
ariation of the composition of solid wastes that are incinerated,
ecause any entering of copper into the waste may influence the
omposition and the nature of the ash.
e gas and ash samples from ash fortified with copper (Ash 4′).

The homologous distribution patterns of PCDD/Fs and PXDD/Fs,
which emerged in the experiment using the ash fortified with
copper (I) chloride, are shown in Fig. 6. The two homologous distri-
bution patterns for PCDD/Fs and PXDD/Fs are clearly very similar.
The results described above suggest that Ash 4, from an industrial
incineration system, did not have a strong tendency toward de novo
synthesis, but the potential was increased with certain parameter
types such as the presence of a catalytic metal. The reaction char-
acteristic whereby the concentration increases with the degree of
chlorination was similar to that reported in a previous paper [5],
which may show the acceleration effect that catalytic copper has
on chlorination.

4. Conclusions

The thermal experiments using some kinds of ashes, including
boiler ash and fly ash, clearly showed the formation potential for
chlorinated and brominated organic pollutants as follows:

(1) Formation of PCDD/Fs from boiler ash and fly ash was clearly
shown by the thermal experiments at the temperature condi-
tion of 300 ◦C. Fly ash containing abundant carbon matters had
a significant potential for de novo synthesis. However, boiler
ash from the gasification and melting process showed a mod-
erate formation potential even if the ash had an extremely low
amount of carbon.

(2) The homologous distribution change apparently showed that
the formation of PXDD/Fs occurred from the substitution of a
bromine atom with a chlorine atom in the PCDD/F molecules.
This suggests that PXDD/Fs are usually formed with PCDD/Fs
on the ash. PBDD/Fs might be formed from any reaction mech-
anism different from that of PXDD/Fs.

(3) The existence of carbonaceous matters always does not mean

the potential formation of PCDD/Fs. However, any addition of
catalytic copper may influence the nature of the ash to increase
the formation potential. This suggests that it is necessary to pay
attention to the variation of the composition of solid wastes that
are incinerated.
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