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Introduction

Two decades ago Bumb et al.” suggested the trace chemistries of fire hypothesis
which says that chlorinated dioxins may occur in the combustion of most types of organic
material due to the existence of trace chemical reactions occurring in fire. In the late 1980's
De Fre and Rymen® have shown in a pilot-scale experiment that trace quantities of dioxins
are produced in a CH, flame in the presence of HCI; Eklund et al.” also detected dioxins
when passing a CH4/HCI/O, mixture through a flow reactor in the temperature range 400-
950°C. These experiments by De Fre and Rymen and Ekiund et al. clearly demonstrated
that there exist certain chemical reaction pathways by which dioxins can be formed from as
simple molecules as CH,, HCI and O,. What these chemical reactions are and what their
relation to the trace chemistries of fire hypothesis is will be discussed in this paper.

Mechanism of T,CDD and T,CDF Formation in the CHyHCI/O, System

A reaction mechanism for T,CDD and T,CDF formation in the CHJ/HCI/O, system at
temperature above 700°C is postulated and displayed in the table of the following pages.
The reaction mechanism starts with only three kinds of molecule (CH,, HCI and O,), and
consists of gas-phase elementary reactions known in flame chemistry, and leads to the
tricyclic T,CDD/F structures at the end. The mechanism can be considered to have four
parts: major elementary steps of CH, combustion (R1-R9), formation of chiorinated C, to C,
species (R10-R65), formation of the first aromatic ring (R66-R73), and T,CDD/F formation
(R74-R91).

Initiation for simplicity is shown to be brought about by the decomposition of CH,
producing CHas and H which reacts with O, resulting in O and OH. More CH, are attacked
by free radicals and atoms in R3 and R4. Most of the methyl radicals produced are oxidized
to CO, following the pathway RS to RSY. Under combustion conditions HCI is not an
ireversible sink for Cl atoms; generally Cl atoms can be produced through R10 and R11,
and then take part in the free radical mechanisms™®. Chiorinated C, species including
vinylchloride, dichloromethane, chloroform, carbon tetrachloride and their radicals are
formed by R12 to R24. Combination of nonchlorinated and chlorinated methyl radicals in
R25 to R30 leads to ethane and mono- to tetrachloroethane, the degradation products of
which are ethene and ethyne having different degrees of chlorination following R31 to R48.
Recombination of C, and C, radical species in R4S to R56 gives C, radical species;
recombination of C, radical species in R57 to R65 gives C, radical species.
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Mechanism of T,CDD and T,CDF Formation in the CH,/HCI/O, System

Number Elementary reaction Reference
R1 CHy > CH;+H 45
R2 H+0;,->0H+O 45

!

]

' R3 CHs+ OH — CH; + H,0 45
R4 ' CH,+0 > CH;+OH 45
R5 CH;+0->CH,0+H 45

) R7 CH, 0+ 0 - CHO + OH 45

: R8 CHO - CO+H 45
R10 HC! + OH — CI + H,0O 56,78
R11 HC! + O — Cl + OH 5738
R12 CHs + Cl - CH,Cl 56.9.
R13 CHsCl + OH - CH,C! + H,O 56
R14 CH;Cl + O —» CHCl + OH 5,10
R15 CHsCl + Cl — CH,Cl + HCI 56
R17 CH.Cl; + OH —» CHClL + H,0 6,10,12
R18 CH.Cl; + O —» CHCl; + OH 10,12
R19 CH,Cl; + Cl — CHCl, + HCI 10.11

' R20 CHCI, + Cl - CHCI5 13
R21 CHCl3 + OH — CCl; + H,0 6,14
R22 CHCl3+ O - CCl; + OH 13,14
R23 CHCI; + Cl - CCls + HCI 6,11
R24 CClz+ Cl > CCly 6,11
R25 CH; + CHy > C,Hg 4514
R26 CH3 + CHzCI - CszC| 5,9

: R27 CHs; + CHCI; - C,HLCly 10,14
R28 CH.Cl + CH.,Cl > C2H4C|2 56,14
R29 CHzC' + CHC|2 g CzH3C|3 10,1 1 ,14
R30 CHCI, + CHCl, — C,H,Cly4 10,14
R31 C:He + OH — CzHs + H.O 456
R32 C.Hs + O - CoHs + OH 45
R33 C:Hs + Cl - CzHs + HCI 56,9
R34 C,H1Cls + OH — C,H.Cls + H.0 6
R35 C2H3C|3 + QO - C,H,Cl; + OH a
R36 C,HsCly + Cl » C;H,Cls + HCI 11
R37 C-H,Cly + OH —» C,HCl4 + H,O a
R38 C.H:Cls + O — C,HCl; + OH a
R39 C.H.Cls + Cl - C,HCI, + HCI 11

4 R40 Csz - C2H4 +H 4,5

! R41 C-HCly > CszClz +Cl 1

! R42 C.HCl, —» CzHCls + Cl 11

}
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Number
R43
R44
R45
R46
R47
R48
R49
R50
R51
R52
R53
R54
R55
R56
. Rs7
R58
R539
Re0
R61
R62
R63
R64
R65
Re6
R67
R68
R69
R70
R71
R72
R73
R74
R75
R76
R77
R78
R79
R80
R81
R82
R83
R84

Elementary reaction

C-H4 + Cl - C;H5 + HCI
CszClz +Clo CzHC[z + HCI
CzHCI:g +Cl— CzCIa + HCI

C.H; »C.H, +H

CzHClz - CzHC| + Cl

C2C|3 — CzClz + Cl

CH;+ C;H, » CiHs+ H

CHCI, + CzHCl - C3H2C|2 + Cl
CCly + C,HCl — CsHCl; + Cl
CCh+ C2C|2 — C,Cl4 +Cl

C3H4 ->CiHs+H

C3H20|2 — C3H2C| + Cl

C3HC|3 - CaHClz +Cl

CgC|4 —> C3CI3 + Cl

CoH, + C2H3 —>CHs+H

C,HCI + C,HClL —» C4H2C|2 + Cl
C,HCI + C,Clz —» C4HCls + ClI
CiH4 + Cl —» C4Hs + HCI
C4Hzc|2 +Cl—> C4HC|2 + HCI
C4HCl3 + Cl — C,4Cly + HCI
CHz3+C,H; > CHs + H
CzHClz + CzHC|2 — C4H.Clh + Cl
C,HCl; + C,Cl; —» C4HCl, + Cl
C,H, + C4H3 - ¢

C,HCl + CHCl » ¢Cly

CoH, + C4H5 >0+ H

C,HC!l + C,H,Cl; —» ¢Cl3 + Cl
CzHCI + C4HCI4 - ¢C|4 + Cl
CgHg + C3H3 —> d)

CaH,Cl + CsHClL, —» ¢C|3

CaH,Cl + CsCls — ¢Cly

¢CI3 +0, > O¢C|3 +0

¢CI3 +0,> 1,2-02¢C|2 + Cl
¢oCls + O —» 0¢Cl; + Cl

¢Cls+ O = 0¢Cl; + Cl

4Cls + 6Cls — ¢ClxCls + C|
oClx6Cl; + O — 2-0$Cl4Cl; + Cl
2-0¢C|2¢C|3 — C12H4OClI4 (T,CDF) + Ci
06Cl; + $Cly = $CLOCl; + Cl
$Cl,04Cl; — C+2H.OCl, (T,CDF) + HCI
0¢Cls + $Cls — ¢Cl30¢Cl; + Cl
$Cl0¢Cl; + O — 2-0¢Ci.0¢Cl; + Cl

Reference
56.9
11,14
11,13,14
45

14
13,14,21
22

a

a

14°
18,22

a

a

20
7.9°14,22
a

a
7°1422°
a

a

17

a

a
7.15°17,22

a
7.915°17
a

a

18% 22

a

a
17°18,26°,27
27°28°

26°

- 26°

29,32°
31

30
30.33
31
30,33
31"
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Number Elementary reaction Reference
R85 2-06C1,06Cl; — Cy,H40,Cl,4 (T,CDD) + Cl 30

R86 0¢Cly + O¢Cl3 —» 2-06C1,04Cl;5 + Cl 33

R87 2-O¢C|20¢Cl3 - C12H402C|4 (T.gCDD) + ClI 30

R88 0¢Cl3 + C,HCI — CgH30Cl; (chlorobenzofuran) + CI - 37°

R89 C3H3OC|3 + C4H2C|2 - C12H400|4 (TACDF) + HC!

R0 1,2-04Cl, + C,HCI—>CgH10,Cl (chlorobenzodioxin)

R91 CeH30:Cly + CHCl; - C42H40,Cly (TL,COD) + HCI

a. In analogy to similar reactions for nonchlorinated hydrocarbons. All following points are
referring to_the original references: b. written as two elementary steps; c: Cl was H; d.
written as three elementary steps; e. 1,4-quinone was suggested; f. O was OH; g. the
sequence of O and C,H, addition is reversed.

The reactions for the formation of the first aromatic ring are given in R66 to R73.
Aromatics formation from small hydrocarbon fuels is an actively studied subject in
combustion research; there are about 18 different routes or key steps suggested by
researchers as summarized by Westmoreland et al.'® Currently the even number carbon
route (R66, R68) and the odd number carbon route (R71) are generally believed to be the
main routes of aromatics formation. In methane combustion the odd number carbon route is
likely to be more important than the even number carbon route, since methane flames have
an abundance of CHj; radicals which combine with C,H, giving rise to CsH; and hence lead
to more CeHs formation in R71%2. R66, R68 and R71 have complex intermediates; diagrams
showing the intermediates structures of R66 and R68 can be found in '7'*%## and those
for R71 in 7%,

Chlorophenoxy radicals arise in R74, R76 and R77. Coupling of chlorobenzene,
chlorophenyi or chlorophenoxy radicals and the subsequent displacement of Cl by O and
ring closure lead to T,CDD/F structures shown in R78 to R87. Other routes of T,CDD/F
formation in R88 to RY1 are suggested by us. Since PAH growth in aliphatic fuel
combustion generally involves the successive addition of C, and C4 radical species to the
first aromatic ring>***" PCDD/Fs couid be formed in a similar manner involving also O
atoms. The product of R88, chlorobenzofuran, has been detected by Eklund et al.?

Discussion about the Mechanism

Evidently for PCDD/F formation in aliphatic fuel combustion, the first aromatic ring must
be produced at first, then PCDD/F may be formed from the aromatic compounds. In this
respect the present mechanism is in agreement with all previous proposals. The feature of
our mechanism is that it is more detailed and composed of elementary steps. Most of the
molecule species in the mechanism such as chiorinated or nonchlorinated methane,
ethane, ethene, ethyne, benzene, biphenyl and benzofuran have been reported by Eklund
et al.? PCDDI/Fs detected in CH4/HCI/O, systems are very likely to be formed by such a
mechanism. The main purpose of this work is to illustrate how PCDD/F structures can arise
from small hydrocarbons, so it is not a comprehensive mechanism, some relevant
elementary reactions are not included here. Extension of the mechanism to other
hydrocarbon fuels and PCDD/F isomers is feasible; heterogeneous elementary reactions
should also be considered. It is known that gas-phase mechanism is not sufficient to
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explain the PCDD/F formation levels in incinerators because PCDD/F formation in
incinerators is catalyzed by metallic species. Gas-phase mechanism may, however, play a
role in PCDD/F formation for other combustion systems such as gasoline-fueled engines
and gasoll burners.

Discussion about the Trace Chemistries of Fire Hypothesis

Following the demonstration that PCDD/Fs are formed from CH, flames in the
presence of HC|, De Fre and Rymen® suggested that "methane is the simplest hydrocarbon
and has no C-C bonds; if methane can give the novo PCDD/F generation, any hydrocarbon
is able to; ... it can be assumed that the de novo synthesis from flue gas and HCl is a
general phenomenon for all hydrocarbons”. These suggestions seem to be reasonable
from combustion chemistry considerations. In terms of the reaction mechanism presented in
this paper, an essential argument is that PCDD/Fs can be formed starting from the
recombination of methyl radicals in the presence of HCI and O»; in any practical combustion
system methyl radicals and HCI are always present, therefore PCDD/F formation is
expected to occur, albeit in extremely low yield, through certain chemical reactions such as
those presented above. This is in agreement with the suggestion of the trace chemistries of
fire hypothesis. The chemical mechanism of dioxin formation in this paper or similar papers
by other researchers may be regarded as some of the trace chemistries of fire postulated
by Bumb et al. At the time Bumb et al. made their proposal, the number of combustion
sources known to emit trace quantities of dioxins was not very large. Nowadays dioxin
emissions have been detected in almost all types of combustion systems owing to the
improvement in sampling and analysis methods. Even for coal combustion which in the
1980's was reported to be below the PCDD/F detection limits. recent measurements have
detected dioxin emissions™“?. On the basis of these extensive PCDD/F measurement data
it is considered that the trace chemistries of fire hypothesis is verified by the present
PCDD/F measurement data base as a whole.

Summary

A chemical mechanism for T,CDD/F formation in the CH4/HCI/O, system is presented.
The mechanism consists of elementary reactions and illustrates how the tricyclic PCDD/F
structures can arise in aliphatic fuel combustion. The product channels of PCDD/F
formation seem to exist in the combustion of any hydrocarbon fuel such that PCDD/F are
ubiquitous byproducts of combustion as suggested by the trace chemistries of fire
hypothesis.
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