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1. Introduction

It is well known that dioxins/furans (Dioxins) are highly
toxic and unintentionally formed in combustion processes
such as municipal and industrial waste incinerations. Many
studies1–10) have been done to suppress the formation of
Dioxins and their emission in combustion processes. It is
said that Dioxins virtually decompose at high temperatures
over 873 K4) or 973 K.11) Most of the studies focus on a de
novo synthesis of Dioxins at nearly 573 K in cooling
processes (in the present study, the formation of Dioxins in
cooling processes is called the de novo synthesis), and the
mechanisms of Dioxins formation and decomposition are
mainly discussed with the combination of catalytic reac-
tions. Some other studies12–14) have been carried out on the
formation of Dioxins in the combustion process at high
temperature.

The experimental studies on the de novo synthesis indi-
cate that Dioxins are mainly formed at nearly 573 K within
fly ash under O2 surplus conditions,5,6) and the concentra-
tion of Dioxins increases with an increase in the amount of
fly ash and fly carbonaceous matters.15,16) On the other
hand, thermodynamic evaluations17) for the formation of
Dioxins represent that (1) Dioxins are never formed in the
case of O2 surplus under the complete combustion condi-
tions, and (2) Dioxins are not formed under the conditions
coexisting solid carbon, i.e. when carbon deposition is con-
sidered. The discrepancies between Dioxins formation ob-
tained from the thermodynamic evaluations17) and those of
the experimental studies described above5,6,15,16) may come
from the reason that Dioxins are formed under the non-

equilibrium or non-uniform site near the fly ash coexisted
and any kinetic factors are not taken into account.

It is very difficult to accomplish the thermodynamic
equilibrium in the combustion experiments18) and in the ac-
tual incineration processes. For example, fly ashes included
small amounts of unburned carbon and some carbonaceous
matters are observed in many incineration processes al-
though they should be burned out at high temperature. In
other words, they are formed microscopically in an incom-
plete combustion which is not an equilibrium state, even if
they are macroscopically under the complete combustion
conditions, namely O2 surplus conditions. Consequently it
is considered that the reactions of many incineration
processes under the complete combustion conditions occur
under non-equilibrium conditions from the microscopic
view, i.e. apparently incomplete combustion states.

The purpose of the present study is to elucidate the rea-
sons for the discrepancy between the thermodynamic evalu-
ations and the experimental results on the Dioxins forma-
tion at high temperature, and to understand the mechanism
of the Dioxins formation at high temperature in the inciner-
ation processes. In the present work, the combustion experi-
ments were done with an electric furnace in laboratory
scale at 1 073 K under apparently complete and incomplete
combustion conditions. The powder of reagent grade
polyvinyl chloride (PVC powder) with high possibility of
the formation of Dioxins was mainly used as the combus-
tion materials. In addition, the thermodynamic evaluations
of Dioxins at high temperature have been carried out using
the thermodynamic software, MALT 2.19)
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2. Experimental

Figure 1 shows a schematic layout of the combustion
furnace. The combustion furnace is composed of an electric
furnace with three-divided heating parts to obtain a long
isothermal zone by controlling the temperature separately.
A combustion tube is made of SUS 316 with 157 mm in-
side diameter. The temperature in the combustion tube was
controlled at 1 073 K. The isothermal zone at 1073�10 K,
in which a part of an exhaust pipe is included, is 250 mm
long as shown in Fig. 1. The feed rate of combustion mate-
rials, mostly PVC powder having a size of 200 mm, was set
to be 0.1 g/min by using a fixed quantity feeder which was
installed in the upper part of the combustion tube. A com-
bustion zone is composed of the primary combustion part
and the secondary combustion part. This primary combus-
tion part is for the preheating, the gasification and the com-
bustion of the combustion materials, and the secondary
combustion part is within a bed packed with mixtures of
alumina balls having two sizes of f10 and 15 mm, where
gas and unburned materials are well mixed and combusted
with a heat exchange. Total flow rate of the supplied gas
mixtures of O2 and N2 was set to be 2 l/min (s.t.p.) by con-
trolling each gas flow rate with the mass flow controllers.
The PVC powder, a fine powder of carbon (C powder) or
the mixtures of their powders (PVC and C) was fed togeth-
er with gas mixtures from the top of the combustion tube.
Reynolds number Re based on the inside diameter of the
combustion tube is about 8 at 1 073 K and residence time of
the gas in the isothermal zone at 1 073 K within the com-
bustion tube is about 22 s in the present experimental con-
ditions, when gas stream is assumed to be a plug flow.

Water cooling tube was installed in the top of the com-
bustion tube (see Fig. 1) to shorten the temperature region
below 1 073 K. In order to avoid the de novo synthesis of
Dioxins in the gas cooling process as much as possible, an
exhaust gas must be rapidly cooled. Therefore the gas was
injected directly into the two impingers filled with distilled
water keeping at 278 K (a gas sampling system for
Dioxins). The time needed to cool the exhaust gas from 773
to 278 K in the gas sampling system was evaluated about
0.5 s. To monitor the combustion conditions, the main com-
positions of the exhaust gas were continuously measured by
using a gas-mass analyzer.

In the present experiments, the feed rates of combustion
materials were 0.1 and 0.04 g/min in the case of PVC and C
powder, respectively. These feed rates were determined for
the reason that the combustion materials could be burned
out with the amount of 5 vol% O2 in the supplied gas of
2 l/min (s.t.p.). Two kinds of the gas compositions were se-
lected as follows:

1) 40vol%O2–60vol%N2 , 2) 5vol%O2–95vol%N2

Even under the combustion conditions with the gas compo-
sition of 40vol%O2–60vol%N2 and the residence time of
22 s at 1 073 K, an extremely small amount of the fly car-
bonaceous matters in the exhaust gas was detected in the
present experiments. Therefore it is considered that the mi-
croscopically non-uniform site is retained in the exhaust
gas even under the complete combustion conditions. In the
present study, the combustion experiments in the case of

40vol%O2–60vol%N2 are called “the complete combustion
condition”.

Although it is assumed that the combustion materials
were burned out in the thermodynamic equilibrium condi-
tions with the gas composition of 5vol%O2–95vol%N2, the
large amount of the fly carbonaceous matters was observed
in the present experiments. Therefore these combustion
conditions are called “the incomplete combustion condi-
tion” in the present study.

3. Experimental Results and Discussions

3.1. Formation of Dioxins under the Complete Com-
bustion Conditions at 1 073 K

(a) Combustion of 100 mass% PVC (Run No. 1)
Table 1 summarizes the experimental conditions and

Dioxins’ concentrations in the exhaust gas under the com-
plete combustion conditions. The feed rate of the PVC
powder is 0.1 g/min. Under this condition, O2 concentration
of the exhaust gas was about 35 vol% and CO could not be
detected, but the extremely small amount of the fly carbona-
ceous matters was found in the exhaust gas by a capturing
equipment with fiber papers made of silica. The fly car-
bonaceous matters observed by an optical microscope and a
scanning electron microscope (SEM) were extremely fine
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Fig. 1. Schematic layout of the combustion furnace.

Table 1. Experimental conditions and Dioxins’ concentrations
in the exhaust gas under the complete combustion
conditions (40vol%O2–60vol%N2, 1 073 K).



particles from about 0.5 to 40 mm (shown in Figs. 5, 6
later). Since the fly carbonaceous matters which seem to be
formed from the unburned materials in microscopically in-
complete combustion are detected, it can be considered that
the microscopically non-uniform site is retained in the ex-
haust gas even under the complete combustion conditions.

As shown in Table 1, the total TEQ (Toxic Equivalent
Quantity) and the total Dioxins’ concentrations of the ex-
haust gas of Run No. 1 including the fly carbonaceous mat-
ters were 8.8 ng-TEQ/m3 (s.t.p.) and 230 ng/m3 (s.t.p.), re-
spectively.

Although the cooling time of the exhaust gas from 773 to
278 K is about 0.5 s in the present gas sampling system
mentioned above, Dioxins’ concentration in the present ex-
periments has a little influence of the de novo synthesis in
the cooling process.20,21) To investigate the influence for the
de novo synthesis of Dioxins in the present experiments, the
exhaust gas was more rapidly cooled by injection of N2 gas
at room temperature with 8 l/min (s.t.p.) into the exhaust
gas at temperature zone of 773 K. Dioxins’ concentration of
the exhaust gas by the above rapid gas cooling was almost
the same as that of Run No. 1. Therefore Dioxins in the
present experiments can be regarded to be mainly formed in
the combustion process at high temperature.

(b) Influence of Decrease of the Fly Carbonaceous Mat-
ters (Run No. 2)

It is important to investigate whether Dioxins’ concentra-
tion decreases or not when the fly carbonaceous matters can
be decreased in the combustion process at high tempera-
tures. In order to capture the fly carbonaceous matters tem-
porarily and to promote their combustion in the combustion
tube, four ceramic fiber blankets made of silica were put
between almina ball beds in the combustion tube shown in
Fig. 2. Ceramic fiber blanket has the fiber diameter from 2

to 5 mm, the void from 20 to 100 mm and the thickness of
15 mm. Then, zigzag flow of combustion gas is formed in
blankets with voids of various sizes, gas mixing and heat
exchange are promoted.

Dioxins’ concentration in the exhaust gas of Run No. 2
with 100 mass% PVC decreases from 8.8 to 3.5 ng-TEQ/m3

(s.t.p.) by installing ceramic fiber blankets under the same
complete combustion conditions as that of Run No. 1
(Table 1). The decrease of Dioxins’ concentration is consid-
ered to be due to the decrease of the amount of the fly car-
bonaceous matters in the combustion process at high tem-
perature. The promotion of the combustion of the fly car-
bonaceous matters has an effect on Dioxins’ concentration
by the enhancement of gas mixing and heat exchange at the
high temperature.

(c) Influence of Chlorine Concentration (Run No. 3)
An influence of a chlorine concentration on the forma-

tion of Dioxins was investigated by using the mixtures of
PVC powder of 5 mass% and C powder of 95 mass%. The
chlorine concentration is 1/40 in comparison to the case of
100 mass% PVC (Run No. 1), because the feed rate of the
mixtures was set to be half (0.05 g/min) of that for Run No.
1. O2 concentration of the exhaust gas was about 35 vol%
and CO could not be detected. Dioxins’ concentration in
the exhaust gas of Run No. 3 is as low as 0.13 ng-TEQ/m3

(s.t.p.) and total 7.1 ng/m3 (s.t.p.) as shown in Table 1. The
Dioxins’ concentration is approximately proportional to the
chlorine concentration of the combustion materials, be-
cause the total Dioxins’ concentration is about 1/30 in com-
parison to the case of 100 mass% PVC (Run No. 1).

3.2. Formation of Dioxins under the Incomplete Com-
bustion Conditions at 1 073 K

(a) Combustion of 100 mass% PVC (Run No. 4)
Table 2 summarizes the experimental conditions and

Dioxins’ concentrations in the exhaust gas under the in-
complete combustion conditions. CO, CO2 and O2 concen-
trations in the exhaust gas of Run No. 4 were about 0.2, 3
and 1.5%, respectively. Since large amount of the fly car-
bonaceous matters was observed, this combustion condition
should be actually regarded as the incomplete combustion.

Dioxins’ concentration of Run No. 4, in which many fly
carbonaceous matters are included in the exhaust gas, is 
as high as 170 ng-TEQ/m3 (s.t.p.) and total 15 000 ng/m3

(s.t.p.). This total value is about 70 times larger than that
under the complete combustion conditions using 100
mass% PVC (Run No.1) described above.
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Fig. 2. Effect of the decrease in the fly carbonaceous matters at
high temperature on Dioxins’ concentration.

Table 2. Experimental conditions and Dioxins’ concentrations
in the exhaust gas under the incomplete combustion
conditions (5vol%O2–95vol%N2, 1 073 K).



(b) Influence of Decrease of the Fly Carbonaceous Mat-
ters (Run No. 5)

Run No. 5 with 100 mass% PVC shown in Table 2 and
Fig. 2 was carried out by using four ceramic fiber blankets
to decrease the fly carbonaceous matters in the combustion
tube under the same incomplete combustion conditions as
that of Run No. 4. In the experiment of Run No. 5, O2 con-
centration in the exhaust gas decreased from 1.5 to 0.1
vol% and CO concentration increased from 0.2 to 2.5 vol%.
Dioxins’ concentration in the exhaust gas decreases from
170 to 9.5 ng-TEQ/m3 (s.t.p.). The decrease of Dioxins’
concentration comes from the reason that the amount of the
fly carbonaceous matters decreased in the combustion
process at high temperature. The promotion of the combus-
tion of the fly carbonaceous matters by the enhancement of
gas mixing and heat exchange at high temperature has great
effect on Dioxins’ concentration.

Several examples of the fingerprints of Dioxins in the
case of 100 mass% PVC as the combustion materials are
summarized in Figs. 3(a), 3(b), which are obtained under
the complete combustion conditions. The fingerprints in
Fig. 3(a) shows that the higher chlorinated dioxins for diox-
in congeners (PCDDs) have higher concentration, while the
trend of furans for furan congeners (PCDFs) shows similar

concentrations except H7CDFs (Run No. 1). On the other
hand, Run No. 2 using the ceramics fiber blankets for en-
hancement of the combustion of the fly carbonaceous mat-
ters represents the completely reverse trend that the concen-
trations for both furans and dioxins increase as the chlori-
nated numbers decrease (Fig. 3(b)). Comparison between
the trends of Run No. 1 and 2 indicates that Dioxins (Run
No. 1) formed at high temperatures decompose to the lower
chlorinated Dioxins (Run No. 2) by the enhancement of the
combustion. This tendency is also recognized in the finger-
prints of Run Nos. 4 and 5 under the incomplete combus-
tion conditions with 100 mass% PVC. Therefore, it is sug-
gested that the trend of fingerprints has been changed in the
combustion conditions at high temperature.

(c) Combustion of Fine C Powder in H2, Cl2, O2 Gas Mix-
tures (Run No. 6)

Although the experimental results using PVC powder
have been described above, it is important to investigate
whether Dioxins are formed or not in the combustion con-
dition without an organic compound. Then, the combustion
experiment without PVC powder was carried out using H2,
Cl2, O2 gasses and C powder with the size of 60 mm at
1 073 K. The supplied mol ratios of H, Cl and C were the
same as those of 100 mass% PVC and the other combustion
conditions were identical to the incomplete combustion
conditions (Run No.4). The experimental result (Run No.
6) is shown in Table 2. Although the Dioxins’ concentration
is 1.3 ng-TEQ/m3 (s.t.p.) and total 44 ng/m3 (s.t.p.), Dioxins
are actually formed in the condition even without organic
compounds.

3.3. Relation between Dioxins’ Concentration and the
Number of Fly Carbonaceous Matters

The number of fly carbonaceous matters captured with
the filter papers made of silica from the exhaust gas was
counted by using an optical microscope. The number of
those fly carbonaceous matters in the cases of 100 mass%
PVC (Run No. 1), 5 mass% PVC (Run No. 3) under the
complete combustion conditions and 100 mass% PVC (Run
No. 4) under the incomplete combustion conditions are
980, 270 and 12 000 pieces/l, respectively. Figure 4 shows
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Fig. 3. Effect of the enhancement of combustion on the finger-
prints of Dioxins under the complete combustion condi-
tions.
(a) The bed packed with only Al2O3 balls. (b) Four ce-
ramic fiber blankets put between Al2O3 ball bed.

Fig. 4. Relation between total Dioxins’ concentration and the
number of the fly carbonaceous matters in exhaust gas.



the relation between the total Dioxins’ concentration and
the number of fly carbonaceous matters. Total Dioxins’
concentration increases as the number of fly carbonaceous
matters increases in the exhaust gas. Therefore, one of the
important points on the formation/suppression of Dioxins is
to control the existence of the fly carbonaceous matters re-
mained in the combustion gas at high temperature.

3.4. Microscopic Observation of the Fly Carbonaceous
Matters

To observe and chemically analyze the fly carbonaceous
matters, the fly carbonaceous matters were collected from
the exhaust gas by the capturing equipment with the filter
papers. Figure 5 shows some examples of the photographs
of the fly carbonaceous matters observed by an optical mi-
croscope. The small amount of the fly carbonaceous matters
with the size from 0.5 to 30 mm was detected in the exhaust
gas of 30 l under the complete combustion conditions (Fig.
5(a)), and under the incomplete combustion conditions the
large amount of the fly carbonaceous matters having the
size from 0.5 to 40 mm was detected in the exhaust gas of
only 4 l (Fig. 5(b)).

Figure 6 shows some photographs of 7 500 magnifica-
tions of the fly carbonaceous matters by SEM under the
complete combustion conditions (Run No. 1). Although
various sizes of the fly carbonaceous matters attached on
silica fiber were found, their surface is smooth such as liq-
uid. From chemical analysis by gas chromatography-mass
spectrometry (GC-MS), precursor such as phenol, benzene,

biphenyl, naphthalene, anthracene, and their chloride etc.
have been detected in the fly carbonaceous matters. Wang
et al.22) have also reported that chlorinated polycyclic aro-
matic hydrocarbons have been formed in the combustion of
PVC.

Dioxins and precursor are formed even at combustion
temperature as high as 1 073 K under the existence of the
fly carbonaceous matters. Generally, the fly carbonaceous
matters should be, however, decomposed thermally at the
combustion temperature of 1 073 K.23) Therefore, the inner
temperature of the fly carbonaceous matters may be lower
than the combustion temperature, because their decomposi-
tion occurs under endothermic reactions. The further exam-
inations on this subject have to be carried out in detail.

4. Thermodynamic Evaluations on the Formation of
Dioxins

In order to evaluate the formation and the decomposition
behaviors of Dioxins at high temperature of 1 073 K, the
thermodynamic evaluations were carried out using the
thermodynamic software, MALT 2.19) The thermodynamic
data for Dioxins17) and precursors24) were the same as that
of Yazawa et al., in which the species having the same mol-
ecular formula and the same toxic equivalent factor were
summated. The carbon deposition was neglected in the
thermodynamic evaluations of Dioxins, because Dioxins
were not formed under low CO/CO2 ratio with the carbon
coexisted.

Figures 7 and 8 show the calculated results for the influ-
ence of the mol quantity of O and C on the formation of
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Fig. 5. The fly carbonaceous matters captured by the ceramic fil-
ter paper from the exhaust gas (1 073 K, 100 mass%
PVC, Al2O3 ball bed).
(a) Under the complete combustion conditions (Run No.
1). (b) Under the incomplete combustion conditions (Run
No. 4).

Fig. 6. SEM photographs of the fly carbonaceous matters shown
in Fig. 5(a).



T4CDDs and P5CDFs under the initial conditions of 1 mol
H and 1 mol Cl at 1 073 K. The profiles of the formation for
other dioxins/furans were similar to those for T4CDDs and
P5CDFs. The change of CO/CO2 ratio under the same con-
ditions as Figs. 7 and 8 is shown in Fig. 9. These results in
the present estimations can be applied to the limited region
near the surface of the fly carbonaceous matters. The sym-
bol � and � in Figs. 7 and 8 indicate the complete com-
bustion and the incomplete combustion conditions under
the present experiments, respectively. Dioxins and furans
are actively formed in the regions of red and orange (Figs. 7
and 8), where CO/CO2 ratio is very high (Fig. 9), but diox-
ins and furans are hardly formed in the region of blue under

the oxidized or very strongly reduced atmosphere.
The thermodynamic evaluations show that Dioxins are

never formed with O2 surplus conditions, because high
CO/CO2 ratio cannot be obtained in thermodynamically ho-
mogeneous equilibrium state of gas phase under O2 surplus
conditions. On the other hand, as mentioned above, the ex-
perimental results represent that Dioxins are formed under
the existence of the fly carbonaceous matters, which are
caused by the microscopically incomplete combustion even
in the complete combustion conditions. Dioxins may be
considered to be formed when the heterogeneous site with
high CO/CO2 ratio exists.

Although the reactions of ➀ 2CO → C�CO2 (carbon de-
position) and ➁ C�CO2 → 2CO (CO formation; oxidation
of the fly carbonaceous matter by CO2) occur in the site of
high CO/CO2 ratio around the fly carbonaceous matters,
Dioxins may be formed by assuming that (1) the heteroge-
neous site with high CO/CO2 ratio is kept by the reaction of
CO formation, and/or (2) the rate of the formation of
Dioxins is a little higher than the rate of the carbon deposi-
tion. The kinetics of the formation of Dioxins is one of the
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Fig. 7. Influence of O and C on the formation of T4CDDs at
1 073 K (P 0: standard pressure).

Fig. 8. Influence of O and C on the formation of P5CDFs at
1 073 K (P 0: standard pressure).

Fig. 9. Influence of O and C on CO/CO2 ratio at 1 073 K.

Fig. 10. Mechanism of Dioxins formation at high temperature.



important factors to decide the amount of Dioxins. The fun-
damental studies on this subject should be investigated in
the near future.

5. Mechanism of Dioxins Formation at High Tempera-
ture

From the present investigations described above, the
mechanism of Dioxins formation at 1 073 K may be consid-
ered as follows: the fly carbonaceous matters with the size
of 0.5–40 mm are moving together with the bulk flow, where
Reynolds number Re based on the particle becomes much
smaller than 1 because the relative velocity between the fly
carbonaceous matters and the bulk flow is nearly zero.
Then, Stokes flow is formed around these fine particles and
the flow almost stagnates. Thus, the boundary layer be-
comes very thick on the surface of the fly carbonaceous
matters. CO/CO2 ratio becomes high in this boundary layer.
As shown in Fig. 10, it can be estimated that Dioxins are
mainly formed in the boundary layer on the surface of the
fly carbonaceous matters with high CO/CO2 ratio. It was re-
ported that polycyclic aromatic compounds including pre-
cursors were detected in the fly carbonaceous matters from
the chemical analysis and were quickly made up under the
microscopically incomplete combustion.22,25,26) It may be
considered that Dioxins and precursors decompose at the
high temperature when some Dioxins and precursors dif-
fuse to the outside of the boundary layer, but the other
Dioxins and precursors are still keeping in the layer. These
formation and decomposition reactions are repeated around
the boundary layer. Dioxins in the boundary layer are car-
ried with a combustion gas stream and are exhausted from
the combustion furnace when the fly carbonaceous matters
are still existing in the exhaust gas. It can be considered
that the formation of Dioxins is mainly attributed to the fly
carbonaceous matters in the combustion gas. Therefore,
one of the important points on the zero formation of
Dioxins can be considered to burn out the fly carbonaceous
matters in the furnaces by more enhancement mixing with
combustion gases.

6. Conclusions

The combustion experiments, in which PVC powder was
mainly used as combustion materials, were carried out with
the electric furnace in laboratory scale at 1 073 K. The ex-
perimental and the thermodynamic studies on Dioxins in
the combustion process at 1 073 K lead to the following
conclusions:

(1) Dioxins are formed even at combustion temperature
of 1 073 K when there exist the fly carbonaceous matters.

(2) A little Dioxins may be formed even in the condi-
tion without the organic matters when there are four ele-
ments of C, H, Cl and O for Dioxins.

(3) Dioxins’ concentration in the exhaust gas has the
correlation with the number of the fly carbonaceous mat-
ters.

(4) Dioxins may be considered to be formed when the
heterogeneous site with high CO/CO2 ratio exists, for ex-
ample in the boundary layer on the surface of the fly car-

bonaceous matters.
(5) One of the important points on the zero formation

of Dioxins can be considered to burn out the fly carbona-
ceous matters in the furnaces by more enhancement mixing
with combustion gases.
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